Intraspecific variability of Zostera Marina L. in the southwestern Netherlands by Lent, F. van
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/145915
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
INTRASPECIFIC VARIABILITY 
OF ZOSTERA MARINA L. 
IN THE SOUTHWESTERN 
^NETHERLANDS 



INTRASPECIFIC VARIABILITY OF ZOSTERA MARINA L. 
IN THE SOUTHWESTERN NETHERLANDS 
INTRASPECIFIEKE VARIABILITEIT VAN 
ZOSTERA MARINA L. IN ZUIDWEST NEDERLAND 
omslag: Hans Dehé 

INTRASPECIFIC VARIABILITY OF ZOSTERA MARINA L. 
IN THE SOUTHWESTERN NETHERLANDS 
een wetenschappelijke proeve op 
het gebied van de Natuurwetenschappen 
PROEFSCHRIFT 
ter verkrijging van de graad van doctor 
aan de Katholieke Universiteit Nijmegen, 
volgens besluit van het College van Decanen 
in het openbaar te verdedigen 
op woensdag 8 februari 1995, 
des namiddags te 3.30 uur precies 
door 
FRANCES VAN LENT 
geboren 21 maart 1956 
te Amsterdam 
Promotores: Prof. Dr. С. den Hartog 
Prof. Dr. P.H. Nienhuis 
De zee was springende tot aan de horizon 
met wilde, frisse kudden grijze golven, 
die 't schuimend haar al botsend in elkaar bedolven 
en van de grote vloed was niets te zien dan fijne lijnen 
bijna onzichtbaar uitgetande kant, hoog op het stroeve strand. 
En tederder dan 't wuiven van een lange kinderhand 
boog zich de vochtig-blauwe, knipperende kustlijn om. 
M. Vasalis 
Aan Kelly, voor Ma 
CIP-GEGEVENS KONINKLIJKE BIBLIOTHEEK, DEN HAAG 
Van Lent, Frances 
Intraspecific variability of Zostera marina L. in the southwestern 
Netherlands/Frances van Lent. - [S.I.:s.n.] 
Thesis Nijmegen. - With ref. - With summary in Dutch. 
ISBN nr. 90-9007886-x 
Subject heading: seagrass/intraspecific variability. 
CEMO/NIOO Communication nr. 755 
The studies described in this thesis were carried out at the Centre for Estuarine 
and Coastal Ecology, Netherlands Institute of Ecology, Yerseke, The Netherlands. 
VOORWOORD 
Het produceren van dit proefschrift heb ik persoonlijk ervaren als een kwestie van 
hard werken, stug doorzetten en veel geduld opbrengen. Dat de auteur niet volledig 
gefrusteerd uit deze periode te voorschijn is gekomen, is mede te danken aan 
diegenen die aan dit proefschrift hebben bijgedragen door daadwerkelijke 
medewerking dan wel persoonlijke ondersteuning. Zonder iemand tekort te willen 
doen, wil ik toch een aantal van hen op deze plaats vermelden: 
Prof.dr. C. den Hartog, Prof.dr. P.H. Nienhuis en dr. P.G. Harrison wil ik 
bedanken voor hun kritisch commentaar en het corrigeren van mijn manuscripten. 
Dr. Peter Herman, bedankt voor al je adviezen, medewerking en je geduld met een 
minder briljante geest. Dr. Marten Hemminga, bedankt voor de samenwerking en 
het geduldig luistervermogen. Dr. Jacco Kromkamp, bedankt voor je hulp met de 
lichtgegevens toen de paniek toesloeg. Emiel Brummelhuis, drs. Johan 
Craeymeersch en Erik Wessel, bedankt voor jullie computerbrein en 
verdraagzaamheid ten opzichte van mijn soms al te explosieve karakter. Chris 
Almekinders, Lowie Haazen en Ko Hoekman worden bedankt voor het vervaardigen 
van het benodigde materiaal en verdere hulp. Joop Nieuwenhuize, Jaap van Liere, 
Carla Poley-Vos, Jan Sinke en Johan van de Zande, bedankt voor het analyseren van 
al die water en plant monsters. Cees de Rooy, bedankt voor het toezicht en je werk 
in de oesterput. De directie van het Centrum voor Estuariene en Mariene Oecologie 
(NIOO) te Yerseke wordt bedankt voor de medewerking en gastvrijheid. 
Ko Verschuure, bedankt voor al je hulp tijdens en buiten het werk. De ontelbare 
uren die wij boven en onder water hebben doorgebracht, blijven een dierbare 
herinnering. Zonder jou had ik ook een groot deel van het "beestenspul" er niet op 
na kunnen houden. Sannie, bedankt voor al die heerlijke maaltijden. 
Brenda Hekman, bedankt voor je vriendschap in goede en slechte tijden. Je vele 
bezoekjes in Yerseke samen met Sanne en Jesse zijn ontzettend belangrijk voor mij 
geweest. Rob Schmidt, ook jij bedankt. 
Wilma Paulij, bedankt voor je niet aflatende steun en belangstelling. De lange weg 
van Beuningen naar Yerseke was voor jou nooit een probleem. De eindeloos lange 
telefoontjes over de beesten en zaken die wel of juist niet plaatsvonden op ons werk 
ook niet. Adii Kromhout, bedankt voor het geduldig luisteren. 
Francis Brakel en Chris Braakman, bedankt dat jullie mij af en toe uit het werk 
gesleurd hebben. De ski-vakanties waren een zeer welkome afwisseling. In moeilijke 
perioden waren jullie er onvoorwaardelijk en zonder jullie lag dit proefschrift er niet 
op dit moment en in deze vorm. 
Pam Bosman en Wim Bouwman, bedankt voor jullie steun. Pam, het vermoeide 
jou nooit om met mij over de honden en paarden te praten. 
Party Brouwer, bedankt voor je medewerking aan dit onderzoek. Onze tijd in 
Antarctica zal ik nooit vergeten, je was een fijne duikmaat. 
Nancy Elissen, Desiree Jansen, Muswerry Muchtar, Wouter Porton, Luc Simons, 
Torsten Sommer, Erika Steller en Manfred van Veghel, bedankt voor jullie 
enthousiaste bijdrage aan deze studie. 
Pa, bedankt. Je hebt er voor gezorgd dat ik mobiel was en bleef. Met veel 
enthousiasme heb je naar geschikte auto's gezocht (Kelly moest er in passen!) en de 
reizen naar Frankrijk waren zonder jou niet mogelijk geweest. 
George van Lent, Margot Rainer, Eric van Lent en Carrie Wildenberg, bedankt 
voor alles. George, je wist mij altijd weer met beide benen terug in de (zeeuwse) 
klei te zetten. 
Ma, bedankt voor al je opofferingen en dat je er altijd was. Ook als mijn humeur 
en geduld beneden het nulpunt gedaald waren. Mijn gedachten gaan bij deze ook uit 
naar Opa en Oma. 
CONTENTS 
Chapter 1 General introduction. 11 
Chapter 2 Intraspecific variability of Zostera marina L. (eelgrass) in 21 
the estuaries and lagoons of the southwestern Netherlands. 
I. Population dynamics. 
Chapter 3 Intraspecific variability of Zostera marina L. (eelgrass) in 61 
the estuaries and lagoons of the southwestern Netherlands. 
II. Relation with environmental factors. 
Chapter 4 Comparative study on populations of Zostera marina L. 85 
(eelgrass): experimental germination and growth. 
Chapter 5 Comparative study on populations of Zostera marina L. 107 
(eelgrass): in situ nitrogen enrichment and light manipulation. 
Chapter 6 A simulation model for growth and seasonal changes in density, 141 
biomass and C:N ratio of populations of Zostera marina L. 
(eelgrass) with different life-history strategies. 
Summary 195 
Samenvatting 203 
List of publications 211 
Curriculum vitae 215 

CHAPTER 1 
GENERAL INTRODUCTION 

GENERAL INTRODUCTION 
The seagrass Zostera marina L. (eelgrass) is a marine angiosperm, belonging to the 
family of the Potamogetonaceae. The species has a wide geographical distribution 
area in coastal marine ecosystems of the Northern Hemisphere, between 
approximately latitude 30° N and 70° N (Den Hartog, 1970). Seagrasses are able to 
form extensive root-rhizome systems and distinguished from other marine plants 
with holdfasts (i.e macroalgae) by their capacity to take up nutrients from the (soft) 
bottom. Usually seagrasses are fully submerged, only becoming temporarily exposed 
in relatively shallow tidal areas. Seagrass systems are highly productive (McRoy and 
McMillan, 1977; Zieman and Wetzel, 1980) and are recognized for being important 
to coastal ecosystems in sediment stabilization (Fonseca et al., 1982; Harlin et al., 
1982), food web relationships (Thayer et al., 1984) and carbon and nutrient cycles 
(Penhale and Thayer, 1980; Robertson et al., 1982; Kenworthy et al., 1982; 
Hemminga et al., 1991). 
In the early 1930s Ζ. marina beds on both the American and European coasts of 
the North Atlantic declined rapidly and the species was almost simultaneously wiped 
out in a substantial part of its distribution area (Rasmussen, 1977; Den Hartog, 
1987; Short et al., 1988; Giesen et al., 1990). Reports on the so called "wasting 
disease" emphasized the significance of seagrass communities to coastal ecosystems 
and generated a large number of studies concerning the structure, function and 
dynamics of seagrasses, especially Z.marina. 
For Z.marina both a perennial and an annual life-history strategy are known. The 
perennial strategy is most common, while the annual habit of eelgrass was not 
clearly recognized until relatively recently; since 1978 annual eelgrass populations 
are mentioned frequently (Keddy and Patriquin, 1978; Verhoeven and Van Vierssen, 
1978; McMillan and Phillips, 1979; Gagnon et al., 1980; De Cock, 1981; Harlin et 
al., 1982; Phillips et al. 1983; Phillips and Backman 1983; Keddy 1987). According 
to the established theories on plant life-history strategies (Grime, 1974, 1979) an 
overall main adaptive strategy could not be defined for Z.marina (Jacobs, 1982; 
Phillips et al., 1983). 
The genetic identity of annual and perennial populations is not clear. Among 
populations as such, interpretation of isozyme patterns (Gagnon et al., 1980; 
McMillan, 1982; De Heij and Nienhuis, 1992; Laushman, 1993) and a 
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morphological based in situ study (Backman, 1984) revealed none to slight genetic 
differentiation. The general idea prevailed, however, that variation in ecological 
responses among individual- as well as between annual and perennial Z. marina 
populations were for the greater part environmentally (phenotypically) induced 
(Gagnon et al., 1980; De Heij and Nienhuis, 1992). Keddy and Patriquin (1978) in 
an early growth study on flowering shared the same opinion, they nevertheless 
concluded that differences in flowering among annual and perennial eelgrass must 
have some genotypic background. 
Environmental factors as desiccation and ice-scouring (Keddy and Patriquin, 1978; 
Robertson and Mann, 1984) are thought to lead to an annual life-history strategy of 
Z.marina and, therefore, annual populations are supposed to occur predominantly in 
(high) intertidal habitats. 
Populations of Z.marina can reproduce vegetatively (production of shoots from 
below-ground rhizomes) and generatively (production of individual seedlings through 
flowering). Understanding of the mechanism of resource allocation towards different 
plant parts (e.g. into spathes or rhizomes) is the key to the knowledge on the 
survival of populations and species (Madsen, 1991). Despite the extensive research 
on eelgrass, information on resource allocation and intraspecific variability of 
Z.marina associated with manifest life-history strategies, is hardly available. Only 
one study (Robertson and Mann, 1984) addressed these subjects and reported a 
larger investment in below-ground structures than in above-ground material by 
perennial as opposed to annual populations, induced by ice-scouring. 
The effect of environmental factors as light and nutrients on biomass and relative 
growth rate of perennial eelgrass populations is well documented (Dennison and 
Alberte, 1985; Dennison et al., 1987; Short, 1987; Zimmerman et al., 1987, 1991). 
However, annual populations were not considered with respect to light and/or 
nutrient availability, nor was resource allocation taken into account. In general, 
nutrient limitation in eelgrass beds is considered to be a rare phenomenon (Dennison 
et al., 1987; Zimmerman et al., 1987). 
In order to understand changes (i.e. wax and wane of Z.marina) a thorough 
knowledge of eelgrass population dynamics and the impact of environmental and 
genetic factors is necessary. The recognition and measurement of essential features 
in the Z.marina ecosystem also enables the development and improvement of 
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mathematical simulation models, which can be important in the theoretical analysis 
of the system and in the environmental management of coastal marine or estuarine 
ecosystems (Jerrgensen, 1986) with a significant eelgrass component. 
The present study on Z.marina was carried out in the delta area of the 
southwestern Netherlands. This region underwent a major change since the storm 
flood of February 1953: large parts of the estuary were closed by high sea-walls. 
Enclosed sections (non-tidal lagoons) were created, each with distinctive 
environmental characteristics. Populations of Z.marina occur in several parts of the 
region, e.g. in the Grevelingen and the Veerse Meer lagoon and the Zandkreek 
estuary. 
The Grevelingen lagoon was enclosed by a small upstream dam in 1964 and a 
large downstream dam in 1971, while in 1978 it was reconnected with the southern 
North Sea by an underwater sluice. In 1983 a second sluice was built in the 
upstream dam, allowing a flow through the entire enclosure (Bannink et al., 1984). 
The area of the Grevelingen is 108 km2. Before the enclosure of the Grevelingen, 
the eelgrass distribition was restricted to the tidal zone of a relatively small section 
(Goeree-Overflakkee). In 1978, Z.marina covered 4440 ha and isolated shoots 
occurred to a depth of 9 m (F.E. Boelé, unpublished data, 1981). In 1989 Z.marina 
covered only 1425 ha and was limited to a depth of 3 m (L.P. Apon, unpublished 
data, 1990). Since then its distribution area has shrunk further. 
The Veerse Meer is another non-tidal lagoon which, was cut off from the 
Zandkreek estuary in I960, and closed downstream in 1961. The area of the Veerse 
Meer is 2165 ha, of which 65 ha are covered by Z.marina (A. Hannewijk, 
unpublished data, 1988). Although there is no tidal regime, the water level in 
autumn/winter is approximately 0.70 m lower compared with the spring/summer 
period for agricultural interest. 
The Zandkreek is a part of the Oosterschelde estuary which has an open 
connection with the southern North Sea. The Zandkreek estuary has a surface of 400 
ha, with an intertidal area of about 290 ha. Of this intertidal area, 10 ha is covered 
by Zmarina (Hootsmans and Vermaat, 1985; Vermaat et al., 1987). 
Previous research on eelgrass in the delta area has been limited to (biomass) 
distribution (De Jong and De Jonge, 1989), while other studies (e.g. on biomass, 
production and decomposition) concentrate on one location (Nienhuis and De Bree, 
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1977, 1980; Boelé, unpublished data, 1981; Hootsmans et al., 1987; Pellikaan and 
Nienhuis, 1988). Only one experimental study (on decomposition) was performed 
(Pellikaan, 1984). 
The present thesis focuses on intraspecific variability of Z.marina in the lagoons 
and estuary mentioned. The study period lasted 4 years, of which the first two years 
(March 1987 - June 1989) were mainly used to establish dynamics, life-history 
strategies, resource allocation and tissue properties of different populations and to 
study the environmental variables of their habitats. The results are described in the 
chapters 2 and 3. Chapter 4 concerns experimental germination and growth studies 
with seeds from perennial and (semi-)annual populations to identify a possible 
genotypic background of essential population dynamical characters (i.e. relative 
growth rate and flowering). Chapter 5 offers the results of experimental in situ light 
manipulation and nitrogen enrichment studies on a perennial and (semi-)annual 
population to recognize any nitrogen or light limitation for growth and to establish 
the (relative) impact of light and/or nitrogen availability on population dynamical 
characters. Nitrogen and light limitation for growth was indicated by the study 
described in chapter 3, while phosphorus-limited growth was not suggested. A 
simulation model for growth and seasonal changes in density, biomass and C:N ratio 
of both perennial and annual Z.marina populations was developed and is, together 
with the results, presented in chapter 6. 
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INTRASPECIFIC VARIABILITY OF ZOSTERA MARINA L. (EELGRASS) IN 
THE ESTUARIES AND LAGOONS OF THE SOUTHWESTERN 
NETHERLANDS. 
I. Population dynamics 
ABSTRACT. Within one geographical region the life-history of different 
populations of Zostera marina L. occurring under varying environmental 
conditions was followed for two years. Life-history strategies ranged from 
annual to perennial. Comprehensive data on biomass, density, generative 
reproduction, growth rate and production are given, compared with 
information in the literature, and discussed. Among populations, total annual 
above-ground production ranged between 160 and 412 g AFDW (ash-free dry 
weight) m"2 y r \ below-ground production varied from 53 to 132 g AFDW m"2 
yr1. Flowering shoots had significantly higher growth rates compared with 
non-flowering shoots. Populations allocated a comparable part of total 
production towards below-ground structures (22-30%), but investment in 
reproductive tissue varied widely (1-34%). (Semi-)annuals could be 
distinguished from perennials by a number of characteristics: relatively small 
below-ground biomass, high above-ground relative growth rate, high 
generative reproduction effort and seed production, later seasonal timing and a 
high variability from year to year. The present study gives substantial data to 
support the theory that Z.marina in principle strives towards a perennial life-
history, while life-histories of the species can range between two extremes 
(annual and perennial) along a continuum. 
INTRODUCTION 
Zostera marina L. (eelgrass), a marine phanerogam, has its distribution area in the 
Northern Hemisphere, between approximately latitude 30° N and 70° N (Den 
Hartog, 1970). Its geographical distribution and both annual and perennial life-
history strategy suggest that Z.marina is well adapted to a wide range of 
environmental conditions. Nevertheless, from time to time populations disappear 
completely and sometimes do not recover (Rasmussen, 1977; Short et al., 1988). 
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After the so called "wasting disease" in the 1930s, which caused a major decline 
of Z.marina in the North Atlantic region, many studies were devoted to this species. 
Only one addressed all aspects of life-history strategies of isolated populations in the 
same geographical area (Robertson and Mann, 1984), and reported a larger 
investment in below-ground structures than in above-ground material by perennial 
populations compared with annual populations. 
In order to understand changes (e.g. wax and wane of Z.marina) and the impact 
of environmental and genetic factors, a thorough knowledge of the population 
dynamics and resource allocation of Z.marina is necessary; the result of poor 
investment (e.g., into vegetative or generative reproduction organs) could lead to the 
extinction of populations and even of species (Robertson and Mann, 1984; Madsen, 
1991). The benefit for management and transplantation projects is evident. 
Besides a survey on intraspecific variability in the life-history of Z.marina, the 
present study focuses on the following problems: What is the allocation of the 
available energy towards different plant parts throughout the life-history of 
populations of Z.marina! Is this allocation similar in populations showing a different 
strategy, or in different habitats? What about the year-to-year variation? Do 
flowering shoots have different energy demands compared with vegetative shoots? 
What induces differences in resource allocation? 
In the delta area of the southwestern Netherlands several populations of Z.marina 
occur under varying environmental conditions. At selected places changes in 
distribution have been reported (F.E. Boelé, unpublished data, 1981; L.P. Apon, 
unpublished data, 1990), but a comprehensive knowledge of the population dynamics 
of the different populations has been lacking. For two years the in situ study 
reported here followed intraspecific variability of Z.marina for disjunct stands 
situated in the same geographical region, but differing in depth, salinity, nutrient 
status and/or tidal regime. This account is the first in a series on intraspecific 
variability of Z. marina and introduces further studies concerning environmental 
factors inducing intraspecific variability of Z.marina within estuaries and lagoons of 
the southwestern Netherlands. 
MATERIALS AND METHODS 
Study sites 
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1: Qrevelingen 0.60 m and 1.25 m depth (G1 and G2) 
2: Veerse Meer (VM) 
3: Zandkreek (ZK) 
Fig. 1. The delta area of the southwestern Netherlands (a) and the sampling sites (b) in the 
Grevelingen (1), Veerse Meer (2) and Zandkreek (3). Repeated sampling in permanent quadrats took 
place from May 1987 until June 1989. 
The delta area in the southwestern part of The Netherlands (5Г451 N, 5° E) (Fig. 
la) underwent a major change after the storm flood of February 1953. It was 
decided to close large parts of the estuaries by high sea-walls. In this way several 
enclosed sections (non-tidal lagoons) were created, each with distinctive 
environmental characteristics. To study the population dynamics of Z.marina under 
different ecological circumstances four permanent quadrats (PQ) measuring 15x15 m 
were established in estuarine tidal and non-tidal regions of the delta area. 
Two PQs were situated in Grevelingen lagoon (Fig. lb). The area of the 
Grevelingen is 108 km2. It is saline and mesotrophic, without a tidal regime. In 1989 
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Z.marina covered 1427 ha and its lower limit occurred at 3 m depth (L.P. Apon, 
unpublished data, 1990). The PQs were located on a transect laid out approximately 
500 m west of Herkingen, at a depth of 0.60 and 1.25 m, respectively. The PQs 
were on relatively sandy substrates and consisted of monospecific beds oí Z.marina. 
Another PQ was chosen in the Veerse Meer lagoon (Fig. lb). It is a brackish 
eutrophic lake. The area of the Veerse Meer is 2166 ha, of which 65 ha are covered 
by Z.marina (A. Hannewijk, unpublished data, 1988). Although there is no tidal 
regime (on agricultural grounds) the water level in autumn/winter is approximately 
0.70 m lower compared with the spring/summer period. Because of blooms of 
phytoplankton and upwhirling of sediment the water can be very turbid. The PQ was 
situated approximately 1.5 km east of Kortgene at a depth of 1.25 m in 
spring/summer. It had a silty substrate and the Z.marina bed was monospecific. 
The fourth PQ was located on a tidal flat in the Zandkreek, a part of the 
Oosterschelde estuary which has an open connection with the southern North Sea 
(Fig. lb). Therefore, the Zandkreek is saline, mesotrophic and has a tidal regime. 
The area is approx. 400 ha, with an intertidal area of about 290 ha. Of this intertidal 
area, 10 ha is covered by Z.marina (Zostera noltii Hörnern, covers 90 ha) 
(Hootsmans and Vermaat, 1985; Vermaat et al., 1987). The PQ was situated on a 
tidal flat, approx. 0.90 m above MLW (mean low water), on a silty substrate. The 
Z.marina stand was not entirely monospecific, Z.noltii was found occasionally but 
never exceeded 5 % cover. 
The prevailing wind in the delta area is from the southwest, but northwesterly 
winds are also frequent. For detailed environmental data see Van Lent and 
Verschuure (1994). 
The study period was from May 1987 until June 1989 (unless otherwise stated), 
while sampling took place at least once every month in each PQ with the exception 
of May 1988. The PQs in the Veerse Meer and the Grevelingen were sampled using 
SCUBA-diving equipment. 
Biomass and density 
For the random location of the biomass samples a metal frame of 0.5x0.5 m, 
subdivided in 0.25x0.25 m squares, was used. After estimating the percentage cover, 
two squares (separate frames) were dug out to a depth of 15 cm. The samples were 
sieved and stored in plastic bags in a coolbox, transferred to the laboratory and 
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stored at 5 °C until required for further treatment. This comprised dividing the 
samples into seagrass species and macroalgae, and separating the Z. marina material 
into seedlings, leaves, stems, spathes (above-ground material) and rhizomes with 
roots (below-ground material). The numbers of seedlings, shoots (with and without 
stems) and spathes were counted. The fractions were intensively rinsed and 
epiphytes were removed by scraping and washing. Dead biomass (unattached, dark 
brown leaves and dark brown/black rhizomes) was discarded. All the material was 
dried at 60-80 °C to constant dry weight (DW); ash-free dry weight (AFDW) was 
determined by combustion at 550 °C for 2 h. 
Generative reproduction 
To estimate the amount of seed produced within the Z. marina bed, 25 reproductive 
shoots were randomly gathered at each sampling during the months of the flowering 
season (June-September). The numbers of spathes per shoot were counted, as well as 
the numbers of seeds of at least 20 randomly chosen spathes. The number of seeds 
on or in the sediment of the PQ was determined from the sieved (1 mm) biomass 
samples. The potential number of produced seeds (N,J was calculated: 
Np,= Ss*Im 
where S, is the average number of seeds per spathe, and Im is the average number of 
spathes per m2. 
Growth rate and production 
Above-ground material 
Relative growth rate and production of above-ground material were determined using 
the leaf-marking method (Sand-Jensen, 1975). Seagrass turfs were dug out, placed in 
plant boxes (plastic containers of size 0.32x0.32x0.12 m) and returned to the 
original sites within the seagrass bed. Ten to 20 randomly selected shoots were 
marked and then collected at irregular intervals (depending on the season). Only 
vegetative shoots, i.e. those not (yet) showing stems, were used. All leaves were 
individually marked with a felt-tip pen (black, non-toxic) at a constant distance from 
a reference point (upper rim of the enclosing leaf sheath). 
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On marked shoots, the number of leaves and the maximum length (1 mm 
precision) and width (0.1 mm precision) of the third youngest leaf were noted. The 
same data were recorded for the collected shoots, together with the number of new 
leaves, any stems and spathes. The newly produced above-ground tissue per shoot 
was directly harvested and with the remainder dried at 60-80 °C to constant dry 
weight and combusted at 550 °C for 2 h. Average weight production and average 
total weight of shoots were then used in calculations, together with the results of the 
biomass samples. The results from the measurements in these boxes are considered 
to be representative for the situation in the field, as no significant differences were 
found between the results of plants marked directly in the field and plants marked in 
boxes (P.E.M. Brouwer, unpublished data, 1989). 
Above-ground relative growth rate (RGRj, g g"1 AFDW day"1; the fraction of 
above-ground plant material produced per unit time) was expressed by: 
RGR,= Р
в
/В
и 
where Р
и
 is average above-ground production per shoot per day (g AFDW shootr1 
day1) and B„ is average above-ground biomass per shoot (g AFDW shoot1) (at time 
of recollection). By protecting marked shoots (e.g. from foraging birds) RGR, at 
Veerse Meer and Zandkreek could be measured for a prolonged period. 
Above-ground net production per unit area (P„ g AFDW m 2 day'1) was given by: 
P.= RGR,*B. 
where B
a
 is average above-ground biomass per unit area (g AFDW m"2) (at time of 
recollection). 
Production over a longer period of time, e.g. growing season or year, was 
calculated from the surface area of the graph. 
Production of reproductive parts per unit area (P
r
, g AFDW m'2 day"1) was 
formulated by: 
P
r
= RGR
r
*B
r 
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where RGR,. is average RGR of shoots showing stems and spathes (gg'AFDW day"1) 
and Br is average biomass of stems plus spathes per unit area (g AFDW m"2) (at time 
of recollection). 
The plastochrone interval (PI; the mean time interval, in days, between the 
initiation of two successive leaves on one shoot) was calculated from the expression 
(Jacobs, 1979): 
PI= Nra*(t/N,) 
where Nm is average number of marked and recollected shoots, N, is average number 
of new leaves on recollected shoots and t is observation period in days. 
Below-ground material 
Below-ground production was determined using the average weight of a rhizome 
segment (intemode plus node, with as many roots attached as possible). This weight 
was calculated from sampling at the end of April 1988, when the length of a large 
number of rhizome segments was measured. Afterwards the segments were bulked 
and dried at 60-80 °C to constant dry weight and combusted at SSO °C for 2 h. The 
resulting data were then used for all other months, incorporating seasonality by 
applying (during the growing season) percentage increases and decreases in the 
average weight of a rhizome segment given by Nienhuis and De Bree (1980). The 
average weight of the rhizome segments at the end of April 1988 differed 
significantly between populations from the Grevelingen at 1.25 m depth (1.2±0.06 
mg AFDW), Veeree Meer (1.6±0.09 mg AFDW) and Zandkreek (0.8±0.05 mg 
AFDW). 
Below-ground production per unit area (Pb, g AFDW m"2 day') was given by 
(Jacobs, 1979; Robertson and Mann, 1984): 
Pb= (W^PD'N, 
where Wn is average weight (g AFDW) of a rhizome segment and Ns is average 
number of shoots per m2. 
Production over a longer period of time, e.g. growing season or year, was 
calculated in a manner identical to above-ground production. 
Below-ground relative growth rate (RGR,,, g g' AFDW day'1) was expressed by: 
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RGRb= Рь/Вь 
where Д, is average below-ground biomass (g AFDW m'2). 
Presentation of data 
Means are given with standard error (se); differences were analysed with ANOVA 
and considered to be significant at a level of ρ<0.05. 
For literature data, if no other percentage is indicated, in conversion of dry weight 
(DW) to ash-free dry weight (AFDW) an ash percentage of 20% for above-ground 
material and 22% for below-ground material has been used (Wium-Andersen and 
Borum, 1984). 
The expressions Gl, G2, VM and ZK represent the populations studied in the 
Grevelingen at 0.60 m and 1.25 m depth, and at Veerse Meer and Zandkreek, 
respectively. 
RESULTS 
Biomass and density 
Above-ground biomass (ВJ 
In winter B
a
 disappeared completely, except at G2 (Fig. 2a). G2 differed from Gl, 
VM and ZK by an earlier resumption of growth in the spring, time of maximum and 
start of decline. The maxima were comparable at G2 and VM, but lower at Gl and 
ZK. 
Maximum B
a
 did not differ substantially between years (Fig. 2a), despite 
variations in shoot density (NJ and biomass per shoot (BM) (Figs. 3 and 4) at all 
sites except G2. This suggests an inversely relationship between the biomass and 
density of shoots. The temporary decrease in N, (Fig. 3) in spring 1987 shown by 
VM and ZK was due to fading seedlings. The increase in N, afterwards was due 
entirely to new emerging lateral shoots. 
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Fig. 2. Average total above-ground (a) and below-ground (b) biomass (g AFDW m"2) for populations 
of Ζ.marina in the Grevelingen at 0.60 m and 1.25 m depth (Gl and G2), Vcerse Meer (VM) and 
Zandkreek (ZK) from May 1987 until June 1989. 
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• V l ' i |" " 'S'.'m'l Π ' · ' ·ΌΠι , "|Τ ι Γ Ι ™ϊ ι ΐ" , Ι Ι 
Fig. 3. Average shoot density (Ν m2) for populations of Z.marina in the Grevelingen at 0.60 m and 
1.25 m depth (Gl and G2), Veerse Meer (VM) and Zandkreek (ZK) from May 1987 until June 1989. 
For symbols see Figs. 2 and 4. 
rm· J ' J ' • ' • ' o ' n ' d " l ' S T ^ ' m ' " ' | ' , ' . ' t ' n ' d | | ' i ' m ' . ' " T 
1987 1988 1888 
month 
αϊ · α: * vu s ζκ 
Fig. 4. Average total above-ground biomass (g AFDW) per shoot for populations of Z.marina in the 
Grevelingen at 0.60 m and 1.25 m depth (Gl and G2), Veerse Meer (VM) and Zandkreek (ZK) from 
May 1987 until June 1989. 
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Biomass of stems and spathes (Br) 
Maximum Br (Fig. 5a) was highest for VM. VM and ZK reached peak values late in 
the season, as did Gl in 1988. In the growing season of 1987 values for Gl and G2 
were respectively 12 and five times less compared with 1988. 
• G 1 * G Z * V U * 2 K 
Fig. 5. Average biomass (g AFDW m"2) of generative parts (stems and spathes) (a) and generative 
reproduction effort (% of total bioraass) (b) for populations of Z.marina in the Grevelingen at 0.60 m 
and 1.25 m depth (Gl and G2), Veerse Meer (VM) and Zandkreek (ZK) from May 1987 until June 
1989. 
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Below-ground biomass (BJ 
There was no clear seasonal trend in Bb (Fig. 2b) in any population. G2 
demonstrated distinctly higher values than Gl, VM and ZK, however. The 
approximately 80% decline for Gl in November 1987 was caused by a cableship, 
which damaged part of the bottom at this site by ploughing right across it. 
Total (summation of above- and below-ground) biomass (В) 
Bt was highest for G2. The conspicuous difference in maximum between 1987 and 
1988 for Gl was influenced by the cableship mentioned above. For all populations 
the seasonal sequence in Bt was largely determined by Ba (Figs. 2a and 2b). 
Grevelingen 0.60 m Grevelingen 1.25 m 
1987 1988 1989 1987 1988 1989 
month month 
| bdov^ ground ] reproductive puts ^ vegetative above-ground 
Fig. 6. Partition of total biomass into below-ground, reproductive and vegetative above-ground 
biomass (% g AFDW m"2) for populations of Z.marína in the Grevelingen at 0.60 m and 1.25 m 
depth (Gl and G2), Veerse Meer (VM) and Zandkreek (ZK) from May 1987 until June 1989. 
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Biomass ratio (B^BJ 
For Gl and G2 in the 1987 growing season B,, was always higher compared with B
a 
(Fig. 6). This was not so in 1988. For VM and ZK B„ was at most 20% of B
a
. G2 
reached maximum ratios of 6.5 (1987/88) and 3.7 (1988/89). 
General 
For VM occasionally some shoots survived in winter, while ZK lost all B
a
. Both 
populations had a low B,,, but a high percentage of generative shoots and an (almost) 
exclusively generative reproduction from one year to the next. For Gl also all B
a 
vanished, but a relatively high B,, was maintained until this was partly damaged in 
November 1987 (Figs. 2a and 2b). In 1988 Gl had no seedlings (Table I) and 
regeneration must have happened only from shoots stemming from the small biomass 
of rhizomes that survived the winter. 
Generative reproduction and biomass partitioning 
Generative reproduction effort (Fig. 5b), given by the ratio of Β,/Β, and expressed as 
a percentage, was highest for VM and ZK. In 1988 (after its below-ground biomass 
was partly destroyed in November 1987) maximum generative reproduction effort 
for Gl corresponded to values for VM and ZK. For G2 the percentage in 1988 was 
lowest of all populations studied, although it increased nearly five times compared 
with 1987. 
At the time of maximum B
r
, the percentage of remaining (vegetative) B
a
 for all 
populations ranged between 36 and 49% throughout both growing seasons (Fig. 6). 
The apparent increase in percentage of both B
r
 together with Bb towards the 
autumn/winter resulted from the longer persistence of old stems and spathes. 
Seed production and germination 
The largest potential number of seeds produced per square metre (Nps) occurred at 
VM (Table I), but only 1 to 2% of the seeds remained in mid April and had a 
chance to germinate (any import of seeds was left out of consideration). For ZK this 
percentage was less than 1%. In the Grevelingen Np, was lower. In 1988 in Gl and 
G2 no seedlings were found, although the calculated percentages of seeds recovered 
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Table I 
Production and fate of seeds for populations of Z.manna in the Grevelingen at 0.60 m and 1.25 m 
depth (Gl and G2), Veeree Meer (VM) and Zandkreek (ZK) from May 1987 until June 1989. 
maximum number potential number maximum number 
of seeds on shoot of seeds produced of seeds on/in 
sediment in 
winter/early 
spring 
maximum 
number of 
seedlings in 
spring 
1987 1988 1987 1988 1988 1989 1988 1989 
Grevelingen 
0.60 m 
Grevelingen 
1.25 m 
Veeree Meer 
Zandkreek 
295 7363 641 13463 56 
322 6176 500 14876 184 
32450 24460 60074 46261 664 
21714 21454 50214 26764 376 
104 
320 
0 96 
40 
864 392 640 
128 328 80 
+ All values are given per m1. 
were relatively high. These percentages were much lower in 1989, despite a sharp 
increase in Nps in 1988 as opposed to 1987. 
Except for G2 (and Gl in 1988), germination success of seeds still present in 
spring was high (>59%, assuming that germination took place almost 
simultaneously) (Table I). A shoot was considered a seedling when the remainder of 
the embryo was still present at the primary root or a scorpioid base was to be seen 
(Setchell, 1929). 
Production 
Above-ground production (PJ 
Production was studied from June 1987 until October 1988. In 1987 the highest 
values for P„ (g AFDW m2 day1, Fig. 7a) were reached by VM and ZK. In 1988 
this situation changed, especially ZK had a lower maximum. G2 reached maximum 
values earlier in the year than VM and ZK. 
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Fig. 7. Average total above-ground production (g AFDW ην2 day1) (a) and below-ground production 
(g AFDW m 2 day'1) (b) for populations of Z.marina in the Grevelingen at 0.60 m and 1.2S m depth 
(Gl and G2), Veerse Meer (VM) and Zandkreek (ZK) from June 1987 until September 1988. 
Production of reproductive parts (P
r
) 
For P
r
 in both years relatively high maximum values were shown by VM and ZK 
(1987, 2.9 and 1.3; 1988, 2.6 and 0.8 g AFDW m 2 day1). For both Gl and G2 in 
1987 maximum values were low (0.1 g AFDW m"2 day"1), while in 1988 maxima 
were higher (three and seven times, respectively). 
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Below-ground production (PJ 
In 1987 maximum Pb (Fig. 7b) was higher for VM and ZK compared with G2 (for 
Gl no data were collected). In 1988 all maxima were two to ten times lower. 
Annual production 
Above-ground production for 1 year (P
ay, g AFDW nv
2
 yr'; 23 June 1987 to 23 
June 1988) was comparable and high for G2 and VM, but lower for ZK and Gl 
(Table II). For all populations annual below-ground production (Pby) was 
considerably lower. G2 and VM reached the highest total annual production (Pty). 
Grevelingen 0.60 m 
(1.4%) 
V e e r s e M e e r Zandkreek 
generative E$$$3 vegetative above-ground * а Л b e t o * - f l r o u n d 
production В222Я production • • » • production 
Fig. 8. Partition of total annual production into below-ground, generative and remaining above-ground 
production (% g AFDW m 2 yr') for populations of Z.marina in the Grevelingen at 0.60 m and 1.25 
m depth (Gl and G2), Veerse Meer (VM) and Zandkreek (ZK) from 23 June 1987 until 23 June 
1988. Sizes of circles reflect total sum of annual production. * Estimated value. 
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Table II 
Total above-ground, reproductive and below-ground production (g AFDW m2) for populations of 
Z.marina in the Grevelingen at 0.60 m and 1.2S m depth (Gl and G2), Veerse Meer (VM) and 
Zandkreek (ZK). 
Grevelingen Grevelingen Veerse Meer Zandkreek 
0.60m 1.25m 
Y p87 p88 Y p87 p88 Y p87 p88 Y p87 p88 
Total above- 160 72 21 403 90 130 412 237 174 303 122 83 
ground 
production 
Production 3 1 12 7 3 33 179 94 86 93 27 28 
reproductive 
parts 
Below- S3' no data 111 31 18 119 66 14 132 63 10 
ground 
production 
Total 213 no data 514 121 148 531 303 188 435 187 93 
production 
Data are given for equal periods in different growing seasons and one complete year. Y, 23 June 
1987 to 23 June 1988; p87, 23 June 1987 to 18 August 1987; p88, 23 June 1988 to 18 August 1988. 
* Estimated value. 
Compared with VM and ZK, G2 devoted almost no energy to generative growth. If 
for Gl the percentage of P
v
 directed to Pby is assumed to be 25 (mean taken from 
values of G2, VM and ZK; no data indicated a Pby distinctly different), Рц would be 
the lowest of all populations with a similar partition as shown by G2 (Table II; Fig. 
8). 
The ratio P
ay/Pby was 3.5:1 for VM, 3.6:1 for G2, 3.0:1 (based on a Pby of 53 g 
AFDW m 2 yr1) for Gl and 2.3:1 for ZK (calculated from data in Table II). 
Calculated by B ^ / P ^ , Gl, G2 and VM produced 3.3 and ZK 5.0 above-ground 
crops. Below-ground (Bt^/P^), Gl and G2 produced less than 1 crop (0.7 and 0.8, 
respectively), while VM and ZK each produced 2.5 and 5.0 crops. 
39 
Chapter two 
Production and allocation 
A large difference existed in partition of total production between similar periods (23 
June to 18 August) (Table II) in the growing seasons of 1987 and 1988. For all 
populations for which data were available, in 1988 the percentage of total production 
put into below-ground production decreased, while the percentage allocated to 
generative production increased almost as much. 
Table III 
Relative growth rate (RGR, g g"1 AFDW day'1) of flowering and not (yet) flowering shoots in 
growing seasons of 1987 and 1988 for populations of Z.marina in the Grevelingen at 0.60 m and 1.25 
m depth (Gl and G2), Veerse Meer (VM) and Zandkreek (ZK). 
Grevelingen 0.60m Grevelingen 1.25m Veerse Meer Zandkreek 
RGR shoots flowering 
mean ± se 3.8±0.18 
N 8 
RGR shoots not (yet) flowering 
mean±se 3.0±0.19 
N 8 
Relative growth rate 
Above-ground relative growth rate (RGRJ 
During the growing season in 1987 RGR, (Fig. 9a) was highest for ZK, followed by 
VM, Gl and G2, respectively. In 1988 for ZK and VM maxima were 20-25% 
lower, while Gl and G2 reached up to 20% higher maximum values. 
Relative growth rate of shoots producing stems and spathes (RGR,) 
RGR,. (Table III) was significantly higher than mean RGR of non-flowering shoots 
(RGRJ (in the same period) for G2, Gl and VM. ZK had the highest, but not 
3.0±0.17 4.5±0.23 5.3±0.31 
4 12 9 
2.2±0.10 3.4±0.30 5.0±0.40 
4 12 9 
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significantly different, values for both RGR, and RGR^ In ZK every shoot 
developed into a flowering shoot, except at the end of the growing season. 
Below-ground relative growth rate (RGRJ 
In 1987 maximum RGR,, (Fig. 9b) for VM and ZK was approx. 20 times higher 
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Fig. 9. Average total above-ground relative growth rate (g g"1 AFDW day') (a) and below-ground 
relative growth rate (g g~' AFDW day'1) (b) for populations of Z.marina in the Grevelingen at 0.60 m 
and 1.25 m depth (Gl and G2), Veerse Meer (VM) and Zandkreek (ZK) from June 1987 until 
October 1988. 
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than for G2. In 1988 G2 reached approximately the same maximum RGRb as in 
1987, but maximum values for VM and ZK were up to 80% lower in 1988. 
Leaves 
There was no significant difference in maximum leaf width among populations 
(Table IV). 
The PI (Table Г ) was shortest for ZK, followed by Gl, VM and G2, 
respectively. In autumn/winter, the longest PI was reached by G2. 
DISCUSSION 
By definition a true annual species has to start every year from its diaspores (seeds 
in the case of Z.marina) and has no overwintering vegetative parts. Only the 
population at ZK fits this definition completely. Vegetative (non-flowering) shoots in 
ZK did occur, however, unlike in other annual populations known. Harrison (1993) 
found the same situation in a comparable population at another site in the area. For 
VM, vegetative shoots occasionally survived the winter. Because VM behaved as an 
annual in every other aspect of its life-history, in this paper it will be regarded as a 
semi-annual. Gl and G2 are perennial populations. 
ZK and VM differed from Gl and G2 by a number of characteristics (Fig. 10): 
relatively small below-ground biomass (Bb) (Fig. 2b), high above-ground relative 
growth rate (RGRJ (Fig. 9a), high generative reproduction effort (Β,/Β^) (Fig. 5b) 
and seed production (Np!) (Table I), later seasonal timing and a high variability from 
year to year. Gl, as a result from the sudden decrease of its B,, by external 
disturbance (cableship), was pushed back towards a pioneer stage: rapid re-
establishment and continuation was achieved by adopting characteristics such as later 
seasonal timing (Figs. 2a and 7a), increased ~UJBM (Fig. 5b), biomass partition in 
favour of B
r
 (Fig. 6) and higher RGR, (Fig. 9a)) corresponding with those of the 
(semi-)annual populations (Fig. 10). 
The perennials in this study can be distinguished from other perennial populations 
described in the literature by their small rhizome segments (Table ПГ) and narrow 
leaves (Table IV). Subtidal Z.marina generally has wider leaves compared with the 
intertidal form (McMillan, 1978; Phillips and Lewis, 1983; Backman, 1984). Gl, 
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Grime (1979) 
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Fig. 10. Quantitative diagram for population dynamic parameters of Z.marina populations along an 
imaginary continuum between an annual and perennial life-history. B
a
, above-ground biomass (g 
AFDW m2); В
ь
, below-ground biomass (g AFDW m2); RGR
a
, above-ground relative growth rate (g 
g"1 AFDW day'); RGR,,, below-ground relative growth rate (g g"1 AFDW day'); P„ above-ground 
production (g AFDW m 2 day '); Pb, below-ground production (g AFDW m2 day '); B„, above-ground 
biomass per shoot (g AFDW shoor'); N
s
, density of shoots (Ν m'2); B,/B
ra
, generative reproduction 
effort; Np,, potential amount of produced seeds (Ν m'2); R, roderai strategy; S, stress-tolerant 
strategy; В, biomass-storer; С, competitive strategy. 
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Table V 
Comparison of maximum total above-ground, below-ground and reproductive biomass (g AFDW m2) 
repotted for populations of Z.marina in the literature and this study (Grevelingen at 0.60 m and 1.2S 
m depth (Gl and G2), Veerse Meer (VM) and Zandkreek (ZK)). 
Maximum total 
above-ground 
biomass 
760 
209 
80-120 
64 
195 
177 
224 
40-160 
148 
263-683 
213-225 
202^56 
40-55 
111-147 
128-134 
46-58 
Maximum total 
below-ground 
biomass 
169 
35-40 
245 
55 
133 
35-222 
144 
278 
74 
169 
50 
18 
Maximum 
reproductive 
biomass 
20" 
18e 
41' 
16" 
18-228" 
2- 19e 
5-24e 
58- 69e 
21- 22e 
Study 
Riggs and Fralick (1975) 
Sand-Jensen (1975) 
Nienhuis and De Bree (1975, 1980) 
Pennale (1977) 
Jacobs (1979) 
Mukai et al. (1979) 
Wium-Andersen and Borum (1980) 
Kenworthy and Thayer (1984) 
Robertson and Mann (1984) 
Thome-Miller and Harlin (1984) 
Wium-Andersen and Borum (1984) 
Roman and Able (1988) 
This study (Gl) 
This study (G2) 
This study (VM) 
This study (ZK) 
'Excluding stems; "including stems; 'stems and spathes. 
45 
Chapter two 
G2 and VM do not have significantly wider leaves than the intertidal ZK, however. 
They can be considered as former intertidal populations, submerged after the 
enclosure of the estuaries. 
Almost every field study done on Z.marina relates to perennial populations. 
Maximum Ba and B„ (Figs. 2a and 2b) data of this study generally fall at the lower 
side of the previously published ranges (Table V). 
Seasonal fluctuation in Bb of perennial populations was mentioned by Sand-Jensen 
(1975), Nienhuis and De Bree (1977, 1980) and Jacobs (1979). In agreement with 
our data, Wium-Andersen and Borum (1980, 1984) did not find any major shiñ in 
Bb. In the few studies presenting data on Br (Table V) in most cases biomass of 
whole generative shoots is given. Assuming the percentage leaf biomass on these 
shoots to be small, our study shows corresponding data. 
An inversely proportional relationship between above-ground biomass per shoot 
(В
ш
) (Fig. 4) and shoot density (N,) (Fig. 3) was indicated within the majority of 
populations. Comparable density-dependent effects were mentioned by Jacobs 
(1979), Wium-Andersen and Borum (1984) and Kentula and Mclntire (1986). One of 
the factors involved in the development of a higher B
u
 at lower N, is most likely the 
availability of light (Dennison, 1979; Kentula and Mclntire, 1986). 
In winter Вь always exceeds B
a
, while during the growing season the Bt/B
a
 ratio 
gradually becomes smaller and often falls below 1.0 (Fig. 6). Apparently flowering 
pushes the ratio towards a lower value: Gl and G2 in the second growing season 
(when flowering was abundant) had clearly lower minimum Bb/Ba ratios than the 
year before. Below-ground rhizomes can function as energy storage (e.g., to support 
lateral shoot production and flowering) (Harrison, 1979; Kautsky, 1988). 
In the literature no reference was found on regeneration from rhizomes whenever 
B
a
 was absent. Robertson and Mann (1984) mentioned recolonisation of perennial 
eelgrass (east coast of Canada) by both rhizome growth and seedling germination in 
areas where, as a result of ice grinding only "stubs" (leaf sheaths) had been present. 
Nevertheless, for Gl no B
a
 was present at the end of the winter of 1988 (Fig. 2a) 
and no seedlings were found. Hence, no other explanation is available than the 
growing of lateral shoots from rhizomes. 
In calculations for the potential total number of produced seeds (Np,) it was 
assumed that it takes about 33 days from flowering to seed release (Churchill and Riner, 
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Table VI 
Comparison of number of produced seeds (N m'2) reported for populations of Z.marina in the 
literature and this study (Grevelingen at 0.60 m and 1.25 m depth, Veerse Meer (VM) and Zandkreek 
(ZK)). 
Seeds produced 
200 
392- 36936 
1593 
1802 
8127 
11328-78224 
72755-100740 
295- 7363 
322- 6176 
21454-21714 
24460-32450 
total 
average 
maximum 
average 
average 
maximum 
maximum 
maximum 
maximum 
maximum 
maximum 
A 
Ρ 
Ρ 
(Ρ) 
(Ρ) 
P-A 
A 
Ρ 
Ρ 
A 
A 
Study 
Hootsmans et al. (1987) 
Phillipset al (1983a) 
Robertson and Mann (1984) 
Churchill and Riner (1978) 
Silberhorn et al. (1983) 
Keddy (1987) 
Phillips and Backman (1983) 
This study (Gl) 
This study (G2) 
This study (VM) 
This study (ZK) 
A, annual; Ρ, perennial; (Ρ), presumed perennial. 
1978; De Cock, 1980; Silberhorn et al., 1983) and that every developed spathe 
produced seeds. The maximum Np, in the Grevelingen was within the range of 
maxima known for perennial populations (Table VI). The lowest maximum for the 
(semi-)annual populations was still nearly twice as much as the highest maximum Np5 
mentioned for perennial populations; they had lower values compared with data for 
other annual populations (Table VI). Hootsmans et al. (1987) calculated a total Np5 
of 200 for ZK, which is in sharp contrast with the total Np, during this study (100-
2S0 times more). All populations showed a high variation from year to year (Table 
VI). 
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Table VII 
Comparison of (a) maximum total above-ground and below-ground production (gAFDW m2 day'1) 
and (b) annual total above-ground and below-ground production (g AFDW m"2 yr') reported for 
populations of Z.marina in the literature and this study (Grevelingen at 0.60 m and 1.2S m depth (Gl 
and G2), Veeree Meer (VM) and Zandkreek (ZK)). 
Total above-ground 
production 
(a) Maximum 
6.3 
2.4 
4.2 
1.4-5.0 
3.2 
11.2 
9.4 
4.2 (average) 
3.8-10.9 
10.4 
4.4- 8.6 
1.3- 1.7 
2.6- 3.2 
4.8-5.1 
1.7-3.6 
(b) Annual 
685 (Apr-Oct) 
87 
837 
648 (Feb-Oct) 
395- 753 
645-860 
427 
673-2046 
1122 
355-790 
160 
403 
412 
303 
Total below-ground 
production 
0.7 
3.5 
1.6 
1.4 
0.4 
1.9 
0.5-0.8 
0.3-1.8 
0.2-2.2 
188 (Apr-Oct) 
27 
394 
83 (Feb-Oct) 
242 
118-219 
308 
322 
615 
53 
111 
119 
132 
Study 
Sand-Jensen (1975) 
Nienhuis and De Bree (1977) 
Jacobs (1977) 
Mukai et al. (1979) 
Nienhuis and De Bree (1980) 
Dennison and Alberte (1982, 1985, 1986) 
Robertson and Mann (1984) 
Thome-Miller and Harlin (1984) 
Wium-Andersen and Borum (1984) 
Hamburg and Homann (1986) 
Kentula and Mclntire (1986) 
Ibarra-Obando and Huerta-Tamayo (1987) 
Roman and Able (1988) 
This study (Gl) 
This study (G2) 
This study (VM) 
This study (ZK) 
Sand-Jensen (1975) 
Nienhuis and De Bree (1977) 
Jacobs (1979) 
Nienhuis and De Bree (1980) 
Wium-Andersen and Borum (1980) 
Kenworthy and Thayer (1984) 
Robertson and Mann (1984) 
Thome-Miller and Harlin (1984) 
Wium-Andersen and Borum (1984) 
Roman and Able (1988) 
This study (Gl) 
This study (G2) 
This study (VM) 
This study (ZK) 
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Several authors mentioned the large loss of produced seeds from eelgrass beds 
and/or a finally low recruitment (Robertson and Mann, 1984; Kentula and Mclntire, 
1986; Hootsmans et al., 1987; Harrison, 1993). Loss of seeds can be the result of 
transport (floating stems still bearing fruit; e.g. Robertson and Mann, 1984), decay 
(anaerobia; Hootsmans et al., 1987), prédation (McRoy and Helfferich, 1980; Tubbs 
and Tubbs, 1983; Robertson and Mann, 1984; Wigand and Churchill, 1988), 
desiccation (McMillan, 1983; Hootsmans et al., 1987) and autonomous death 
(Harrison, 1993). In the present study most of the loss took place during the time of 
release (Van Lent, unpublished data, 1987, 1988, 1989). It is not clear which factors 
were specifically responsible. The seed bank present just prior to germination was 
invariably small for all populations (Table I). If the maximum seedling density in 
spring is considered to be representative, germination success is relatively high for 
all populations, except G2 (Table I). High salinity has been demonstrated to have a 
negative effect on germination (Phillips, 1971; Phillips et al., 1983b; Hootsmans et 
al., 1987). Gl did show a high germination percentage in 1989, however, and since 
salinity at Gl and G2 was high (cf. Van Lent and Verschuure, 1994) salinity cannot 
be of major importance in the low emergence of seedlings shown at G2. Churchill 
(1983), McMillan (1983) and Orth and Moore (1983) found also a relatively high 
germination with high salinities. 
The range of values for above-ground production (Pa, g AFDW nr2 day1) (Fig. 
7a) corresponds with values in the literature (Table Vila). The annual average 
above-ground relative growth rate (RGRJ for G2 (0.017 g g1 AFDW day1, 1.7% 
day"1) agreed with values given by Sand-Jensen (1975) and Jacobs (1979) (1.8 and 
1.5% day1, respectively). The maximum of southwestern Netherlands populations 
(0.067 g g"1 AFDW day"1, 6.7% day'1, ZK) was lower than the maximum given by 
Kentula and Mclntire (1986) for perennial populations (8% day'1, west coast of 
USA). 
In calculations for below-ground production (Pb) the average weight of a rhizome 
segment at the end of April 1988 was used. These results were taken as a start value 
and during the growing season percentage increases or decreases in segment weight 
(Grevelingen, 0.75 m depth) from one period to the next (derived from Nienhuis and 
De Bree (1980)) were applied to include seasonal change. From the end of March to 
mid May Nienhuis and De Bree (1980) found an average weight per rhizome 
segment of 2.1 mg AFDW (this study: 1.2±0.06 mg AFDW at 1.25 m depth, end 
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Table VIII 
Comparison of the average weight (mg AFDW) of a rhizome segment reported for populations of 
Z.marina in the literature and this study (Grevelingen at 1.25 m depth (G2), Veerse Meer (VM) and 
Zandkreek (ZK)). 
Average weight rhizome segment Study 
7.2 (Apr-Sep) to 9.0 (Sep-Oct) 
2.1 (Mar-May) to 4.9 (Aug) 
11.8(Aug-Jun) 
9.6 (Mar) to 23.9 (Jul) 
Sand-Jensen (1975) 
Nienhuis and De Bree (1980) 
Wiura-Andersen and Borum (1980) 
Robertson and Mann (1984) 
1.2 (Apr) 
1.6 (Apr) 
0.8 (Apr) 
This study (G2) 
This study (VM) 
This study (ZK) 
of April). Their maximum result was 4.9 mg AFDW (August) and the overall mean 
was 3.3 mg AFDW (March-September). Other average weights (perennial 
populations) mentioned are much higher (Table VIII). In the research period the 
average weight increased 37%. Robertson and Mann (1984) found an equivalent 
increase of 32% from April to August. Maximum Pb (Fig. 7b) of southwestern 
Netherlands populations was comparable with results (perennial populations) 
previously recorded (Table Vila). For equal periods average below-ground relative 
growth rate (RGR„) for G2 (0.004 g gr1 AFDW day1, 0.4% day1) was lower than 
the 0.5% day1 and 0.7% day1 given by Jacobs (1979) and Sand-Jensen (1975), 
respectively. 
Annual below-ground production (Pby) of the populations in this study (Table II) 
appears to be one of the lowest known from the literature (Table VTJb). 
In the present study populations allocated between 22% and 30% of their total 
production towards below-ground structures (Fig. 8). The percentages for perennial 
populations at different localities ranged between 22 (Sand-Jensen, 1975) and 43 
(Robertson and Mann, 1984). From Nienhuis and De Bree (1980) a value of 14% 
could be calculated for a perennial population in the Grevelingen at 0.75 m depth. 
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Robertson and Mann (1984) stated that annual plants had a small investment in 
below-ground parts as opposed to perennial plants. This study does not confirm their 
conclusion. For production estimates of the annual plants Robertson and Mann 
(1984) used the difference between minimum and maximum monthly biomass. 
Production calculated from net biomass increase, however, is doubtful because of 
the very high eelgrass turnover rates (e.g. Wium-Andersen and Borum, 1984) 
above- as well as below-ground, which in their turn are not necessarily equal for 
different populations (Figs. 9a and 9b). 
An annual life-history can be regarded as an adaptation to environmental stress 
(Van Lent and Verschuure, 1994), which can be different in character and 
significance. In consequence plasticity in responses among populations with 
(seemingly) the same life-history is possible (Madsen, 1991). 
Regarding biomass differentiation only, (semi-)annual populations in our study 
accord with the assumption that annuals optimize biomass growth by allocation to 
structures associated with seed production at the expense of vegetative (e.g. below-
ground) material (Robertson and Mann, 1984; Madsen, 1991). Yet, production data 
showed that (semi-)annuals invested at least as much below-ground as perennials and 
adjustment of biomass allocation was indicated. For all populations studied flowering 
seems to be at the expense of below-ground structures. The distinction between 
(semi-)annuals and perennials was made by the production of reproductive parts (P
r
). 
The relatively low Bb and high Pb of the (semi-)annuals lead to the question: Why 
are these populations not able to build up a relatively high Д,? 
During and at the end of the growing season different environmental factors 
influence B,, dynamics of the (semi-)annuals (VM and ZK). Sediment anoxia in 
combination with a possible reduced ability of roots to release oxygen could have a 
negative effect on the conservation of B„. During the growing season, sediment in 
VM and ZK beds is highly anoxic (Van Lent and Verschuure, 1994). According to 
Caffrey and Kemp (1991) release of oxygen by macrophytes (controlled by 
photosynthesis and respiration), seems to depend on the stage of the plant growth 
cycle and time of the day. Nothing is known about the ability of the rhizosphere of 
flowering shoots to release oxygen, necessary to survive highly reducing conditions. 
Research on this subject would be desirable. 
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VM and ZK have a very high percentage of flowering shoots. Herbivory, the 
presence of macroalgae and autumn storms cause the rapid decline and 
disappearance of Ba and B,, at the end of the growing season in VM as well as ZK. 
Herbivory of birds on eelgrass is common (Nienhuis and Van Ierland, 1978; Jacobs 
et al., 1981, 1983; Tubbs and Tubbs, 1983; Thayer et al., 1984; Nienhuis and 
Groenendijk, 1986). In October large numbers of Brent geese (Branta b. bernicla 
L.) and wigeon (Anas penelope L.) visit the Zandkreek and within a couple of weeks 
the whole area is bare (F. van Lent, unpublished results, 1987, 1988). Both Brent 
geese and wigeon are known to eat above- as well as below-ground plant parts 
(Tubbs and Tubbs, 1983), while sediment is disturbed by the trampling of birds 
(R.H.D. Lambeck, personal communication, 1993) and erosion intensified by tidal 
currents. Autumn storms further enhance decline (by erosion) during that period. 
Also the occasional fast growth of macroalgae, which gives rise to thick layers 
smothering everything underneath, can account for a decline (Den Hartog, 1994). 
From mid August 1988 onwards brown macroalgae covered ZK, causing a sharp 
decrease in production (Fig. 7a). VM also endures high physical disturbance by 
storms, macroalgae and grazing pressure. In June/July macroalgae start to develop 
and reach high biomass values (A. Hannewijk, unpublished results, 1988; L.P. 
Apon, unpublished results, 1990). Besides shading out eelgrass shoots, they 
constitute a considerable mechanical stress as wind-generated currents move large 
packages of macroalgae over the eelgrass bed and break the Z.marina shoots. At 
VM the mute swan (Cygnus olor (Gmelin)) arrives in October/November (F. van 
Lent, personal observations, 1987, 1988) and consumes nearly everything that is left 
(Meireetal., 1991). 
The factors described above will probably not be able to explain the large 
difference between Bb found throughout the study period and estimated Pb. The 
calculation method used for Pb has its drawbacks. The average weight of a rhizome 
segment at ZK was significantly lower, and at VM higher, than at G2. Yet, the very 
low PI values in the growing season lead to a high Pb. In a study on Z.noltii in the 
Zandkreek, Vermaat et al. (1987) suggested that the use of PI values in calculating 
P„ would lead to overestimation during the period of vigorous shoot splitting. 
Secondly, seasonality in weight for rhizome segments of VM and ZK is expected to 
occur. Even if this assumption is wrong and seasonality in rhizome segment weight 
does not take place for the (semi-)annual populations, recalculation of Pby (not 
incorporating seasonality) does not lead to different conclusions. Pby would amount 
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to 72 g AFDW m"2 yr1 for VM and 85 g AFDW nï2 yr' for ZK. Consequently, VM 
would allocate 14.9% and ZK 21.9% of P,,, to Pby. The Pby percentage for ZK would 
not be distinctly different from the percentage put below-ground by G2 (Fig. 8). 
The (semi-)annual strategy directing a large part of total production towards 
below-ground material might be explained by a surplus of resources. Availability of 
resources possibly fluctuates strongly in unstable habitats. If the demand for Pa 
(including Pr) were met, any surplus could be channelled towards Pb. As a 
consequence, total production and allocation (Table II) differed greatly in the same 
period between two consecutive growing seasons. 
The results of this study emphasize and demonstrate the ill-defined difference in 
life-history characteristics between and among annual and perennial populations of 
Z.marina (Fig. 10). The genetic identity of the perennial and annual form of 
Z.marina has frequently been questioned (Keddy and Patriquin, 1978; Gagnon et al., 
1980; McMillan, 1982; Phillips and Lewis, 1983; Phillips et al., 1983a,b; Dennison 
and Alberte, 1986). De Heij and Nienhuis (1992) using gel electrophoresis 
(isozymes) concluded that the tidal ZK was genetically slightly different from the 
non-tidal G2 and VM. Differences in life-history adaptations between annual and 
perennial eelgrass populations are probably merely (or for the greater part) a 
phenotypic reflection of the habitat (Keddy and Patriquin, 1978; Gagnon et al., 
1980; De Heij and Nienhuis, 1992). 
Kautsky (1988) suggested for aquatic soft-bottom macrophytes a division of the 
stress-tolerant (S) strategy (Grime, 1974, 1979) into "stunted" (S) and "biomass-
storer" (B). Perennial Z.marina represents the latter, while the annual (facultative) 
form expresses a ruderal (R) strategy. Jacobs (1982) classified the perennial form of 
Z.marina as competition (C) selected (Grime, 1974, 1979) and the annual form C-R 
selected and recognized the difficulty in finding an overall main adaptive strategy for 
the species. 
Populations of Z.marina strive towards a perennial life-history and the species acts 
in principle as a perennial. Only in habitats where a perennial strategy apparently 
can not be maintained does Z.marina follow a (semi-)annual strategy. It can be 
postulated that life-history strategies exhibited by this species range between two 
extremes (annual versus perennial) along a continuum (as indicated by Jacobs, 1982) 
and are able to shift according to inducing environmental factors, within the limits 
set by their genetic background (Fig. 10). The present study provides substantial 
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data to support this theory: ZK is a true annual, followed by VM (occasionally 
vegetative parts overwinter), going to Gl (certain characteristics of VM and ZK 
were adopted) and finally to G2, being a clearly perennial population (Fig. 10). 
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INTRASPECIFIC VARIABILITY OF ZOSTERA MARINA L. (EELGRASS) IN 
THE ESTUARIES AND LAGOONS OF THE SOUTHWESTERN 
NETHERLANDS 
Π. Relation with environmental factors 
ABSTRACT. Habitat- and tissue characteristics were assessed for four populations 
of Zostera marina L., ranging in life-history strategy from perennial to annual. 
Results are discussed in relation to previously reported data on population 
dynamics. Significant differences in turbidity existed between sites, and a possible 
frequent light limitation for growth during the growing season was suggested for 
one site. Nutrient concentrations in surface water varied between sites and 
seasons and were considered to play an important part in the different growth 
rates demonstrated. Despite relatively high nitrogen concentrations in interstitial 
water, possible nitrogen growth limitation was theoretically indicated for three 
populations. 
INTRODUCTION 
Populations of Zostera marina L. (eelgrass) are known to occur in different habitats. 
The life-history strategy of this species can range between two extremes (i.e. annual or 
perennial) along a continuum, as has been suggested by Jacobs (1982) and demonstrated 
by Van Lent and Verschuure (1994). 
The environmental and genetic factors determining the position of a population on the 
imaginary continuum mentioned, are largely unknown. Several studies (Keddy and 
Patriquin, 1978; Gagnon et al., 1980; De Heij and Nienhuis, 1992) could not find any 
significant genotypic differences between populations representing different life-
histories. Therefore, habitat characteristics may be of primary importance in the 
features exhibited by a population of Z.marina. 
Light and nutrient availability have been related with population dynamic 
characteristics such as relative growth rate, biomass and density (Dennison and Alberte, 
1985; Dennison et al., 1987; Short, 1987; Zimmerman et al., 1987, 1991). Other 
environmental factors frequently mentioned are temperature (Phillips and Backman, 
1983; Marsh et al., 1986; Bulthuis, 1987), salinity (Pinnerup, 1980; Phillips et al., 
1983) and sediment composition (Kenworthy and Fonseca, 1977; Barko et al., 1991). 
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The aim of the present study was to understand the environmental factors involved 
in ecological differences displayed by populations of Z. marina in the delta area of the 
southwestern Netherlands. The study is a part of a survey on intraspecific variability 
of Z.marina in this region (Van Lent and Verschuure, 1994). Results of environmental 
factors and properties of plant material measured are shown, while population dynamics 
(life-history strategies) of separate Z.marina stands were followed. 
MATERIALS AND METHODS 
Study sites 
Four permanent quadrats (PQ) measuring 15x15 m were chosen in both estuarine tidal 
and non-tidal regions of the delta area in the southwestern The Netherlands (Van Lent 
and Verschuure, 1994). Two PQs were situated in the Grevelingen lagoon at depths of 
0.60 m and 1.25 m, respectively. The other PQs were located in the Veerse Meer 
lagoon (at 1.25 m depth in spring/summer) and on a tidal flat in the Zandkreek estuary 
(approximately 0.90 m above MLW (mean low water)). For a detailed description of 
these study sites see Van Lent and Verschuure (1994). 
The study period was from May 1987 until June 1989 (unless otherwise stated), while 
sampling and measurement of environmental data took place at least once a month in 
each PQ with the exception of May 1988. The PQs in the Veerse Meer and Grevelingen 
were sampled using SCUBA-diving equipment. 
Light 
Light (PAR: photosynthetically active radiation, i.e. wavelengths 400-700 nm) was 
measured using a LI 192 SB sensor. Light readings were taken above the water surface 
(irradiance), just below the water surface and at the bottom of the water column. Data 
on average monthly surface irradiance were obtained from daily values measured by a 
Kipp CC2 Solar Integrator and the average monthly day length. For each month a 
vertical extinction coefficient (k, m"1) was calculated from the Lambert-Beer equation 
(Jerlov, 1970): 
I„= Ve*" 
64 
Intraspecific variability: II. Relation with environmental factors 
where IH is light intensity (μΕ m"2 s"1) at depth H, !<, is light intensity just below the 
water surface (μΕ m 2 s1) and H is bottom depth (m). 
Subsequently an average monthly irradiance at the bottom (Ι, E m"2 day') was 
determined using the same equation, but substituting IQ by the average monthly surface 
irradiance (E m"2 day1). (N.B. No light measurements were taken at the intertidal 
location Zandkreek). 
Temperature 
Surface water temperature (°C) was taken at all sites, while at the tidal PQ (Zandkreek) 
temperature in a tidal pool was measured as well. 
Salinity 
Chlorinity (%c СГ) was determined from surface- and interstitial water samples (see 
below), using a radiometer. Chlorinity was converted into salinity (%o S) according to 
the table of Strickland and Parsons (1972). 
Nutrients in surface- and interstitial water 
Surface water 
Samples were taken in PVC bottles (1000 ml), transported to the laboratory in a 
coolbox and subsequently filtered through a Schleicher & Schuell (1.0 μπι) filter. 
Analysing for nitrate plus nitrite (the fraction of nitrite will not be mentioned further), 
ammonium and phosphate was done with a Technicon II Autoanalyzer according to the 
method of Parsons et al. (1984). 
Interstitial water 
Eight cores (6 cm diameter) were taken from the sediment to a depth of 10 cm. They 
were sliced (1, 2, 2 and 5 cm, successively) and comparable segments were mixed and 
transported to the laboratory in a coolbox. The segments were immediately Altered 
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under pressure (nitrogen gas, 1.5 bar) through a Whatman GF/C (0.45 μπι) filter. 
Subsequently, the collected water was filtered again through a Sartorius (0.20 μπι) filter 
using a syringe. The same method of analysis was followed as for surface water 
samples. 
N.B. Nutrient concentrations are presented as a weighed average over the 10 cm 
sediment depth. Vertical profiles are not considered further in the context of this paper. 
Sediment grain size distribution and carbon/nitrogen content 
After being filtered for nutrient analyses (see above), the remaining sediment was dried 
to constant weight (70-80 °C) and used to determine grain size distribution and 
carbon/nitrogen content. 
For grain size distribution a laser diffraction technique (Malvern 3600-D) was 
applied. The percentages of dry weight of two sediment fractions were chosen, i.e. 
particle sizes of less than 129.0 μπι and less than 61.6 μπι. These particle sizes 
correspond to the Wentworth classification, where fine sand corresponds to 62.5-125.0 
μπι and silt (including clay) corresponds to the fraction less than 62.5 μπι. 
Analyses for total nitrogen and organic carbon were carried out using a Carlo Erba 
NA-1500 autoanalyzer according to a method described by Nieuwenhuize et al. (1994). 
Nitrogen and phosphorus, and chlorophyll analyses of organic material 
Turfs of eelgrass were dug out, rinsed and transported in a coolbox to the laboratory. 
Above-ground material was separated from below-ground material. 
For element analyses both fractions were dried (70-80 °C) to constant weight and 
ground to powder using a bullet-mixer. Organic carbon and total nitrogen were 
determined using the same method as mentioned for sediment (see above). Total 
phosphate (as P205) was analysed by incubation with HNCyHCl in a microwave oven 
(Nieuwenhuize and Poley-Vos, 1989) followed by a colorimetrie measurement (Chen, 
1956). 
Analyses for chlorophyll were carried out on leaves kept frozen to -20 °C. The 
material was freeze-dried, ground with glass beads and simultaneously extracted with 
acetone for 24 h. The solution was then centrifuged for 5 min and the amount of 
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Table I 
Light (Jt-values), temperature (°C) and salinity (%c) for the Grevelingen at 0.60 m and 1.25 m depth, 
Veerse Meer and Zandkreek from May 1987 until June 1989. 
Grevelingen 
0.60m 
Grevelingen 
1.25m 
Veerse 
Meer 
Zandkreek 
Light 
Maximum 
Minimum 
Mean±se 
N 
Temperature 
Maximum 
Minimum 
Mean ± se 
N 
Salinity 
Maximum 
Minimum 
Mean ± se 
N 
1.2 
0.2 
0.6±0.04 
22 
21.5 
-0.1 
12.5±1.17 
26 
30.0 
24.4 
27.1 ±0.32 
24 
21.3 
0.6 
12.3±1.18 
26 
29.5 
24.4 
27.5 ±0.24 
24 
Seawater Pool water 
1.8 
0.2 
0.6±0.09 
22 
2.5 
0.7 
1.3 ±0.10 
23 
no data 
22.2 24.8 27.5 
4.1 3.2 2.6 
13.2±1.18 12.6±1.65 14.2±1.34 
25 17 27 
18.9 29.8 34.0 
11.4 21.5 24.6 
16.1±0.44 27.3±0.59 28.7±0.52 
20 18 18 
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chlorophyll a and b was determined by high-performance liquid chromatography 
(Millipore Waters) according to the method of Brown et al. (1981). 
Presentation of results 
Means are given with standard error, and differences were analysed with ANOVA and 
considered to be significant at a level of ρ < 0.05. 
RESULTS 
Light 
Changes in turbidity result in changes in vertical extinction coefficient (Л-values, nv1) 
(Table I). In the Veerse Meer water was significantly more turbid than in the 
1M7 1988 1βββ 
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Fig. 1. Average monthly bottom irradiance (E m 2 day"1) for the Grevelingen at 0.60 m and 1.25 m depth, 
and Veerse Meer from May 1987 until June 1989. 
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Fig. 2. Ammonium (a), nitrate (b) and phosphate (с) concentrations (μΜ) in surface water of the 
Grevelingen at 0.60 m and 1.25 m depth, Veerse Meer and Zandkreek from May 1987 until June 1989. 
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Fig. 3. Ammonium (a), nitrate (b) and phosphate (c) concentrations (μΜ) in interstitial water of the 
Grevelingen at 0.60 m and 1.2S m depth, Veerse Meer and Zandkreek from May 1987 until June 1989. 
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Grevelingen. Average monthly bottom irradiance (Fig. 1) during the growing season 
was lowest for the Veerse Meer, with a minimum of 1 E m2 day1 (July 1987). 
Temperature 
There was no significant difference in mean water temperature (°C) among study sites 
(Table I). The same accounted for surface water and pool water temperature in the 
Zandkreek. The range (minimum-maximum) in temperature of pool water was wider 
than of surface water, however. 
Salinity 
Surface water of the Veerse Meer had a significantly lower salinity (%o) (Table I) than 
the other study sites and can be considered as brackish. 
Nutrients in surface- and interstitial water 
Ammonium concentration (μΜ) in surface water (Fig. 2a) was generally higher for the 
Veerse Meer and Zandkreek compared with the Grevelingen. In contrast, the nitrate 
concentration (μΜ) (Fig. 2b) showed a clear seasonal sequence. In winter the Veerse 
Meer reached the highest values, followed by Zandkreek and Grevelingen, respectively. 
Summer values were uniformly low, declining last in the Zandkreek. Phosphate 
concentration (μΜ) (Fig. 2c) was also highest in the Veerse Meer. A vague seasonal 
sequence was seen. 
In interstitial water, ammonium concentration (μΜ) (Fig. 3a) was higher in the 
second half of the study period. Other conspicuous differences between seasons or sites 
were not seen. Nitrate concentration (μΜ) (Fig. 3b) generally declined at the end of the 
summer season. Consistent differences between sites were not present. Phosphate 
concentration (μΜ) (Fig. 3c) showed some noticeable peaks for the Grevelingen at 1.25 
m depth (summer 1987) and Veerse Meer (spring 1988). For the greater part of the 
research period the Veerse Meer displayed the highest values. 
Ammonium concentrations in interstitial water were generally an order of magnitude 
higher than in surface water, while nitrate concentrations in interstitial water were an 
order of magnitude lower than in surface water. 
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Fig. 4. Sediment grain size distribution (0-10 cm) for the Grevelingen at 0.60 m and 1.25 m depth, 
Veerse Meer and Zandkreek. The two fractions distinguished are of particle size less than 129.0 μτα (a) 
and less than 61.6 μπι (b). 
Sediment grain size distribution and carbon/nitrogen content 
The Grevelingen at 1.25 m depth was the sandiest site (Fig. 4a), while the Zandkreek 
had the highest silt content (Fig. 4b) and was homogeneously silty to at least 8 cm 
depth (35.5-44.2%). The other habitats were less homogeneous; at these sites the silt 
content increased below a depth of 2-4 cm. 
Organic carbon (% dry weight (DW), Table II) varied between 3.5 and 0.3, while 
nitrogen (% DW) varied between 0.20 and 0.03. The highest range limit for both 
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Table II 
Sediment organic carbon and nitrogen content (% dry weight) for the Grevelingen at 0.60 m and 1.2S 
m depth, Veerse Meer and Zandkreek from May 1987 until June 1989. 
Organic carbon 
Maximum 
Minimum 
N 
Nitrogen 
Maximum 
Minimum 
N 
Grevelingen I 
3.5 
0.6 
21 
0.20 
0.05 
14 
O.60m Grevelingen 
1.0 
0.3 
23 
0.07 
0.03 
14 
1.25 m Veerse Meer 
1.1 
0.5 
23 
0.08 
0.04 
14 
Zandkreek 
1.2 
0.6 
22 
0.09 
0.06 
13 
sediment organic carbon and nitrogen (Table II) was seen at 0.60 m depth in the 
Grevelingen. 
Nitrogen and phosphorus, and chlorophyll analyses of organic material 
For all populations, nitrogen in leaves (% DW) (Fig. 5a) showed a clear seasonal 
sequence, with a minimum in summer. Populations in the Grevelingen reached the 
lowest values. The reverse was true for the carbon:nitrogen ratio in leaves (Fig. 5b). 
The phosphorus content (% DW) demonstrated a less marked seasonal difference. 
Populations in the Veerse Meer and Zandkreek had values only slightly higher than 
populations in the Grevelingen (Table Ilia). In below-ground material no seasonal 
differences for nitrogen and phosphorus could be seen. Higher values for phosphorus 
in below-ground material of the Zandkreek population was evident (Table Illb). In a 
minority of cases, nitrogen and phosphorus content of tissues was shown to be 
significantly correlated with associated nutrient concentrations in surface or interstitial 
water (Table IV). 
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Fig. 5. Nitrogen content (% DW) (a) and carbomnitrogen atomic ratio (b) of leaves from populations of 
Z.marina in the Grevelingen at 0.60 m and 1.25 m depth, Veerse Meer and Zandkreek from May 1987 
until June 1989. 
The range for chlorophyll a plus b (mg g"1 DW) (Table V) in leaves was comparable 
for populations in Veerse Meer and Zandkreek. The Grevelingen populations had the 
lowest values. For chlorophyll a:b ratios the range was equal for all populations (Table 
V). 
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Table III 
Phosphorus (% dry weight) in leaves (a) and nitrogen (% dry weight) and phosphorus (% dry weight) 
in below-ground material (b) from populations of Z.marina in the Grevelingen at 0.60 m and 1.2S m 
depth, Veerse Meer and Zandkreek from May 1987 until June 1989. 
(a) Leaf material 
Phosphorus 
Maximum 
Minimum 
N 
Grevelingen 0.60 m 
(b) Below-ground material 
Nitrogen 
Maximum 
Minimum 
N 
Phosphorus 
Maximum 
Minimum 
N 
0.S8 
0.22 
10 
1.45 
0.61 
10 
0.21 
0.10 
6 
Grevelingen 1.25 m 
0.52 
0.24 
17 
1.42 
0.73 
15 
0.17 
0.12 
8 
Veerse Meer 
0.59 
0.28 
15 
2.10 
0.73 
9 
0.17 
0.13 
5 
Zandkreek 
0.63 
0.28 
14 
1.70 
1.06 
6 
0.31 
0.24 
6 
DISCUSSION 
Populations at the study sites differed (among others) in reproduction, biomass, relative 
growth rate (Fig. 6) and production (Van Lent and Verschuure, 1994). Both populations 
in the Grevelingen are perennial, although at 0.60 m depth all above-ground biomass 
disappears in winter. Reproduction takes place mainly through production of vegetative 
shoots by rhizomes. The Veerse Meer and Zandkreek populations show an (almost) 
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Table IV 
Correlation of nutrient (ammonium, nitrate or phophate) concentrations (μΜ) in surface and interstitial 
water from the Grevelingen at 0.60 m and 1.25 m depth, Veerse Meer and Zandkreek with nitrogen (% 
dry weight) and phosphorus (% dry weight) content of leaf tissue and rhizome-root material from 
associated Z.marina populations from May 1987 until June 1989. 
Leaves 
N 
N 
Ρ 
Leaves 
N 
N 
Ρ 
Rhizomes 
-(-roots 
N 
N 
Ρ 
Rhizomes 
+roots 
N 
N 
Ρ 
Surface 
water 
NH4 
N03 
P04 
Interstitial 
water 
NH4 
NO, 
PO4 
Surface 
water 
NH4 
NOj 
PO4 
Interstitial 
water 
NH4 
NOj 
P04 
Grevelingen 
0.60 m 
r N 
NS 
NS 
0.72 11 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
Grevelingen 
1.25 m 
г 
0.55 
0.82 
NS 
NS 
NS 
NS 
NS 
0.57 
0.82 
NS 
NS 
NS 
N 
23 
23 
14 
8 
Veerse Meer 
г 
0.55 
0.64 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
N 
18 
18 
Zandkreek 
r N 
0.61 12 
NS 
NS 
NS 
0.55 14 
NS 
NS 
NS 
NS 
NS 
0.82 6 
NS 
NS, not significant. 
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Table V 
Chlorophyll a+b (mg g'1 DW) and chlorophyll a:b ratio of leaves from populations of Z.marina in the 
Grevelingen at 0.60 m and 1.2S m depth, Veerse Meer and Zandkreek from May 1987 until June 1989. 
a+b 
Maximum 
Minimum 
N 
Ratio a:b 
Maximum 
Minimum 
N 
Grevelingen 0.60 m 
7.81 
1.67 
9 
5.1 
1.9 
9 
Grevelingen 
9.29 
2.07 
14 
5.7 
1.9 
14 
1.25m Veerse Meer 
12.42 
3.47 
11 
6.4 
1.9 
11 
Zandkreek 
12.73 
3.43 
5 
4.7 
1.9 
5 
Fig. 6. A', erage total above-ground relative growth rate (% day') for populations oí Z.marina in the 
Grevelingen at 0.60 m and 1.25 m depth, Veerse Meer and Zandkreek from 23 June 1987 until October 
1988 (from Van Lent and Verschuure, 1994). 
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exclusively generative reproduction (seeds) from one year to the next and are regarded 
as (semi-)annual populations. Both have a relatively low below-ground biomass. At the 
Veerse Meer and at 1.25 m depth in the Grevelingen maximum above-ground biomass 
as well as annual above-ground production are comparable and relatively high (Van 
Lent and Verschuure, 1994). 
Light is of primary importance for plant growth. Differences in turbidity (A) and 
average monthly bottom irradiance existed between study sites (Table I, Fig. 1). 
Particularly in the Veerse Meer, during the growing season the average monthly bottom 
irradiance often remained below the light saturation point for photosynthesis of 
Z.marina (approx. 5 E m"2 day"1; Dennison and Alberte, 1985; Dennison, 1987) (Fig. 
1). Therefore, in the growing season growth limitation by light in the most turbid 
locality (Veerse Meer) may occur. Monthly values probably do not give enough 
information on short-term variations in turbidity (Jfc), which may be important in 
controlling eelgrass growth (Zimmerman et al., 1991) and (rhizome) survival (Smith 
et al., 1988; Caffrey and Kemp, 1991). Especially in the Veerse Meer considerable 
variations in turbidity are possible, as during the growing season high phytoplankton 
blooms occur (up to 44.0 mg Г1 chlorophyll a+b, compared with 5.7 mg l'1 chlorophyll 
a+b at 1.25 m depth in the Grevelingen; Van Lent, unpublished data, 1988) and huge 
packages of macroalgae shift over the eelgrass beds (Van Lent and Verschuure, 1994). 
Also the tidal Zandkreek will most likely experience considerable changes in turbidity. 
An adjustment to lower light levels is indicated by higher maxima of leaf chlorophyll 
content (Table V) of both the Veerse Meer and Zandkreek populations. It is not 
reflected in lower chlorophyll a:b ratios (Table V), however. 
As there were no substantial differences in water temperature between non-tidal sites 
(Table I), temperature is not considered to be a relevant parameter in the intraspecific 
variability of the populations. 
Z.marina is able to sustain a wide salinity range: 10-30%o (McRoy, 1966). Surface 
water values at the study sites are within these boundaries (Table I). Lower salinities 
may have a positive effect on germination (Phillips, 1971; Phillips et al., 1983b; 
Hootsmans et al., 1987), while the influence on flowering is not clear. In the 
Grevelingen long-term fluctuations in salinity occur: mean salinity in 1987 
(28.0±0.13%o, N=9) was significantly higher than in 1988 (26.6±0.22%o, N=8). In 
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1987 populations at both depths showed hardly any flowering, while abundant flowering 
took place the next year (Van Lent and Verschuure, 1994). Relatively low salinities 
were found in both Veerse Meer (permanent) and Zandkreek (short-time fluctuations, 
e.g. input of fresh water by rain at low tide). The populations at these sites showed an 
(almost) exclusively generative reproduction (Van Lent and Verschuure, 1994). The 
(semi-)annual strategies in the Veerse Meer and Zandkreek seem to be favoured by 
relatively low salinities (permanently or pulsed) inducing higher germination of seeds 
and a possible higher incidence of flowering. The influence of salinity on flowering 
(preferably among populations with different life-strategies) needs further study. 
According to Duarte (1990) leaf nutrient content below 1.8% nitrogen or 0.20% 
phosphorus (and an atomic ratio above 20 (carbon: nitrogen) or 474 
(carbon:phosphorus)) predicts growth limitation for the appropriate nutrient. In the 
growing seasons of 1987 as well as 1988, populations in the Grevelingen and Veerse 
Meer seemed to be nitrogen-limited (Fig. 5a,b). Applying the critical nitrogen data 
published by Duarte (1990), internal leaf nitrogen levels for Grevelingen populations 
reported by Pellikaan and Nienhuis (1988) also indicated growth limitation. For 
phosphorus no shortage was shown (Table Ilia). 
Z.marina prefers ammonium above nitrate (Iizumi and Hattori, 1982; Thursby and 
Harlin, 1982; Short and McRoy, 1984; Hemmingaetal., 1994). Dennisonetal. (1987) 
mentioned saturation for growth responses at 100 μΜ, while Williams and Ruckelshaus 
(1993) even reported a 500 μΜ saturation level (both of ammonium in sediment pore 
water only). Ammonium concentrations in interstitial water during this study were 
frequently below 100 μΜ (especially in 1987) and always far below 500 μΜ (Fig. 3a). 
Emphasis on uptake by roots from interstitial water to meet nutrient demand is 
questionable, however. Den Hartog (1979) suggested the possible importance of the 
ambient water mass for the nitrogen supply of seagrasses, while several authors (e.g. 
Hemminga et al. 1991,1994) reported a relatively high uptake by leaves compared with 
roots. 
For Grevelingen populations De Vries et al. (1988) suggested a predominating uptake 
of nutrients by leaves from the water column, illustrated by the carbon: nitrogen ratio 
of above-ground biomass varying almost linearly with ammonium plus nitrate 
concentrations in surface water. De Vries et al. (1988) suggested growth limitation by 
nitrogen as a result of low concentrations in surface water, in spite of high ammonium 
concentrations in pore water. During our study for several populations a significant 
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linear correlation between nutrient concentrations in surface water and nutrient content 
of leaves (Table IV) was demonstrated (data sometimes indicated non-linear 
relationships, but were to scattered or few in number to succesfully apply a non-linear 
model). It seems likely that populations with relatively high growth rates and small 
below-ground biomass (e.g. Veerse Meer and Zandkreek; Van Lent and Verschuure, 
1994) are only able to meet their nutrient demand by substantial leaf uptake. In the 
growing season of 1988 ammonium concentrations in interstitial water for the Veerse 
Meer and Zandkreek were relatively high (Fig. 3a), yet a limitation for nitrogen was 
indicated for the Veerse Meer population (Fig. 5a,b). Especially in the Veerse Meer, 
interspecific competition for nutrients between Z.marina and macroalgae could occur 
in surface water; for example, Ulva sp. has a high preference for ammonium as well 
as high uptake rates (Fujita, 1985). Nutrient concentrations (in surface or interstitial 
water) alone could not explain the internal nitrogen or phosphorus content of tissues, 
which is consistent with the fact that nutrient uptake is dependent on a range of physical 
and chemical environmental properties. Differences in sediment characteristics (Table 
Π; Figs. 4a and 4b) might indicate differences in nutrient uptake kinetics (Zimmerman 
et al., 1987; Barko et al., 1991). Barko et al. (1991) emphasized the complex sediment-
submersed) macrophyte interactions, in which sediment density and organic matter 
content as well as feedbacks involving oxygen release and sediment nutrient depletion 
are of primary importance. 
Direct statistical relationships between environmental factors and population dynamic 
characteristics of the populations studied could not be demonstrated, presumably 
because of interaction among environmental factors and intrinsic variability of 
populations. The results suggest, however, that among all environmental factors 
considered, ambient nutrient concentrations might for the greater part account for 
differences in growth rates (Fig. 6) between the perennial and (semi-)annual populations 
studied. Although growth rates cannot be regarded totally independent of the diverging 
life-history strategies, the different strategies seem to result primarily of other features. 
Repeatedly high physical disturbance created by combined effects of wind- and tide-
generated currents, macroalgae and herbivory (Van Lent and Verschuure, 1994) pushes 
populations in Veerse Meer and Zandkreek towards a (semi-)annual strategy. Veerse 
Meer and Zandkreek are relatively unstable habitats in which populations oí Z.marina 
show a high variability of population dynamic properties and above- and below-ground 
biomass cannot be maintained throughout the winter. In order to survive, Veerse Meer 
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and Zandkreek populations have to rely on a high generative reproduction effort and 
seed production (Van Lent and Verschuure, 1994). The relatively low salinities 
permanently or frequently experienced by populations in Veerse Meer and Zandkreek 
as well as the apparently favourable conditions for high growth rates probably benefit 
the successful maintenance of the (semi-)armual strategy. 
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COMPARATIVE STUDY ON POPULATIONS OF ZOSTERA MARINA L. 
(EELGRASS): EXPERIMENTAL GERMINATION AND GROWTH 
ABSTRACT. Seeds of both perennial and (semi-)annual populations of Zostera 
marina L. originating from different habitats in the southwestern Netherlands 
and Roscoff (Brittany, France) were germinated and grown under identical 
circumstances to identify possible genotypically based differences in their 
population dynamical characters. Individual populations displayed a genotypic 
background for germination, morphology and flowering, while relative growth 
rate was considered to be an entirely phenotypic response. Flowering seemed 
to be related with a higher demand for nitrogen. Perennial versus annual 
populations did not show genetic variation in any of the response variables 
investigated. Comparisons with in situ data revealed that presumably the 
perennial populations in their habitats not fully exploited their potential for 
(above-ground) growth. Among individual populations, differences in 
morphology and especially (sexual) reproduction suggest a greater and more 
complex genotypic background than previously assumed through interpretation 
of isozyme patterns. 
INTRODUCTION 
The life-history strategy of Zostera marina L. (eelgrass) may vary between two 
extremes (i.e. annual and perennial) along a continuum (Jacobs, 1982; Van Lent and 
Verschuure, 1994a). Isozyme patterns revealed some genetic differentiation (Gagnon 
et al., 1980; McMillan, 1982; De Heij and Nienhuis, 1992; Laushman, 1993) 
among populations. Keddy and Patriquin (1978) reported that seeds of perennial 
populations gave rise to both annual (flowering) and perennial (non-flowering) plants 
and vice versa, concluding that some genetic basis for these characteristics should be 
present. Backman (1984) found genotypic differentiation in the morphology of 
eelgrass plants. A possible genetic basis of other specific population dynamical 
features (e.g. growth rate) has not been experimentally studied and is therefore 
unknown. The general opinion is that variation in morphological and ecological 
responses of Z.marina seems to be for the greater part due to environmentally 
87 
Chapter four 
induced (phenotypic) differences (Keddy and Patriquin, 1978; Gagnon et al., 1980; 
De Heij and Nienhuis, 1992). 
A study on isolated populations with different life-histories in the southwestern 
Netherlands displayed significant differences in biomass partitioning, primary 
production and reproduction (Van Lent and Verschuure, 1994a). The populations 
occurred in habitats clearly differing in salinity, nutrient concentrations, extinction 
coefficient, etc. (Van Lent and Verschuure, 1994b). The present experimental study 
was performed to test the hypothesis that growth rate, germination, generative 
reproduction and morphology of eelgrass populations in the southwestern 
Netherlands were in principle completely phenotypically determined, annual and 
perennial populations alike. The results are important for further studies on 
intraspecific variability of Z.marina in the region concerning the relation between 
population dynamical characters and environmental factors. The question was also of 
interest as (perennial) eelgrass populations in one particular area of the region were 
declining rapidly since 1985. Concomitantly, preliminary comparisons were possible 
between this experimental study and the in situ studies performed (Van Lent and 
Verschuure, 1994a,b). A perennial population from a relatively distant region 
(Roscoff in Brittany, France) was used for comparison. 
MATERIALS AND METHODS 
Study sites 
Shoots bearing spathes with seeds were collected between 17 August and 4 
September 1989 from populations in the Grevelingen, Veerse Meer, Zandkreek 
(southwestern Netherlands, 52 °N) and at Roscoff (Brittany, France, 48 °N) (Fig. 1). 
Populations in both the Grevelingen and Veerse Meer lagoon were at a depth of 1.25 
m, while in the Zandkreek the population was on a tidal flat (approximately 0.90 m 
above MLW). Grevelingen is a mesotrophic, non-tidal salt water lake (27.5±0.2%o 
S), Veerse Meer is a eutrophic non-tidal brackish water lake (16.1±0.4%o S) and 
Zandkreek is an intertidal sheltered estuary (27.3±0.6%o S), part of the 
Oosterschelde. Sediment silt content varies from less than 10% (Grevelingen) up to 
40% (Zandkreek). For a detailed description of these sites confer to Van Lent and 
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1: Grevelingen 
2: Veeree Meer 
3: Zandkreek 
4: Roscoff 
Fig. 1. The southwestern Netherlands (a) and Brittany, France (c) and the collection (study) sites (b) 
in the Grevelingen (1), Veerse Meer (2), Zandkreek (3) and at Roscoff (4). 
Verschuure (1994a,b). At Roscoff the eelgrass population grows at mean low water 
in a sheltered coastal area (with a tidal range of 9 m); the substrate consists of 
coarse sand. 
The population in the Grevelingen is perennial and part of the above-ground 
biomass remains in winter. Reproduction takes place mainly through vegetative 
production of shoots from rhizomes. Flowering occurs, but extreme variation is 
shown between years. The Veerse Meer and Zandkreek populations have an almost 
exclusively generative reproduction (seeds) from one year to the next. The Veerse 
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Meer population is regarded as semi-annual, because occasionally vegetative shoots 
survive the winter. The Zandkreek population is truly annual. Both populations have 
a relatively low below-ground biomass (Van Lent and Verschuure, 1994a). The 
population at Roscoff is perennial, above-ground biomass persists in winter (Jacobs, 
1979) and flowering can be abundant (Jacobs, 1981; Van Lent, personal 
observation). 
During two weeks the shoots were kept in nets submersed in an outdoor basin 
(30x20x1.5 m), with an inlet of seawater from the adjacent Oosterschelde estuary 
(Fig. lb). The released seeds were collected and kept in filtered seawater from the 
Oosterschelde estuary (salinity 32.0%o S) until January/February 1990 at 4 °C in 
complete darkness. 
Germination experiment 
On 19 January 1990 1500 seeds from each population were divided into groups of 
100 seeds. One group was put into each of 10 petridishes with 15.7%o CI" artificial 
seawater (158.96 gNaCl, 100.00 gMgS04.7H20, 7.00 gKCl, 0.30 gH3B03, 2.00 
gNaHC03) and 5 petridishes with 10.5 %o CI" artificial seawater, respectively. The 
chlorinity values used, were comparable with the chlorinities of the Grevelingen 
(15.5%o CI1) and Veerse Meer (9.0%o СГ1) (Van Lent and Verschuure, 1994b). The 
petridishes were kept at 10 °C under a light regime of 14 hours dark/10 hours 
(ample) monochromatic light. Temperature and light regime were chosen according 
to ambient values in the region in early spring (Van Lent, unpublished data 1987, 
1988, 1989). From 22 January until 17 April 1990, at regular intervals (22 times), 
the number of germinated and decayed seeds were counted. Every 10 days the water 
was renewed, while germinated and decayed seeds were removed. 
At the beginning of the experiment two batches of 25 seeds from each population 
were checked for viability with the tetrazolium test (Grabe, 1970). A pink colour of 
both cotyledon and axial hypocotyl was considered a positive result for vital seeds 
(Taylor, 1957; Harrison, 1991). 
Growth experiment 
In the beginning of February 1990 for each population approximately 1000 seeds 
were put (5 to 9 each) into small permeable pots (5.0x5.0x7.5 cm) filled with 
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sediment consisting of 40% fine sand and 40% silt. The pots were placed in groups 
of 25 to 35 into plastic containers (32x32x12 cm), which were transferred to the 
outdoor basin mentioned above. 
The last week of April 1990, 10 groups of 42 randomly selected seedlings for 
each population were replanted directly into the containers, which were filled with 
the same sediment as the pots. Subsequently, the 10 containers per population were 
randomly located in the outdoor basin. The experiment lasted until 31 August 1990. 
The response variables were relative growth rate, reproduction as well as tissue 
carbon and nitrogen content. 
The water depth in the outdoor basin was continuously kept at 0.90 m, while 
every 10 days the water was renewed at high tide from the Oosterschelde estuary 
(32%o S). 
Relative growth rate 
The above-ground relative growth rate (g g"1 AFDW day') of the seedlings was 
measured using the leaf-marking method of Sand-Jensen (1975). Of each population 
in 3 randomly chosen containers 18 shoots were marked. These were collected every 
9 to 13 days and new shoots were marked in other containers holding shoots from 
the same population. All leaves of vegetative (non-flowering) shoots were 
individually marked with a felt-tip pen (non-toxic) at a constant distance from a 
reference point (upper rim of the enclosing leaf sheath). The following data were 
noted: number of leaves, length (1 mm precision) of leaves and sheath as well as 
maximum width (0.1 mm precision). The marked shoots harvested were examined to 
record the same variables, together with the number of new leaves and the number 
of stems and spathes. Of each sampled shoot 5 cm leaf (and 5 cm stem if present) 
material was taken, bundled and dried at 70 to 80 °C to constant dry weight (DW). 
Ash-free dry weight (AFDW) was established by combustion at 550 °C for two 
hours. 
Units of area (length*width) were transformed to units of biomass (g AFDW cm2) 
and initial biomass (IB), leaf loss (LL), growth (LG) and final biomass (FB) were 
calculated (IB=FB-LG+LL). 
Exponential growth of a seagrass shoot is described by the formula (Vermaat et 
al., 1987): 
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FB=IB.e*' 
where R is the relative growth rate (g g"1 AFDW day"1) and Г is the length of the 
growth period (days). In this way a net relative growth rate (RGRN, g g ' AFDW 
day') was calculated (Vermaat et al., 1987): 
RGRN=(ln(FB)-ln(IB)).l/r 
Reproduction 
All 10 containers of each population were regularly checked for any stems or 
spathes. On 3 occasions the number of flowering shoots per container and the 
number of spathes per 10 shoots, as well as the number of seeds (if present), were 
counted. 
Tissue carbon and nitrogen content 
At the end of the experiment for each container above-ground material was separated 
from below-ground material and grouped per population. Both fractions were dried 
(70 to 80 °C) to constant weight and ground to powder using a bullet-mixer. Organic 
carbon and total nitrogen were determined with a Carlo Erba NA-1500 autoanalyzer 
according to a method described by Nieuwenhuize et al. (1994). 
Statistics 
Differences in characteristics between populations were analysed with ANOVA. For 
individual populations a post hoc Tukey HSD test was used. Contrasts between 
perennial and annual populations were tested with a nested ANOVA. The 
populations were nested within category strategy (perennial or annual). Differences 
between strategy were tested against Mean-Square of populations within strategy. 
Means are given with standard error (se), and differences were considered to be 
significant at a level of ρ < 0.05. 
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Table I 
Mean percentage of germinated and decayed seeds, and in situ percentages for germination of 
Grevelingen, Veerse Meer, Zandkreek and Roscoff populations. In situ data from: Van Lent and 
Verschuure (1994a) and Van Lent (unpublished data). N represents 10 or 5 times a group of 100 
seeds each. 
Maximum percentage 
germinated 
Maximum percentage 
decayed 
m situ experiment 
seawater 
experiment 
brackish 
water 
experiment 
seawater 
experiment 
brackish 
water 
Grevelingen 
(perennial) 
Mean±se 
N 
12.5 20.5 ±1.39 46.4±3.76 35.1 ±3.04 27.2±2.24 
10 5 10 5 
Veerse Meer 
(semi-annual) 
Mean ± se 
N 
74.1 14.8±1.26 33.8±1.30 1.3±0.28 0.2±0.18 
10 5 10 5 
Zandkreek 
(annual) 
Mean±se 
N 
87.2 6.5±0.89 30.6±5.50 0.1±0.09 0.4±0.22 
10 5 10 5 
Roscoff 
(perennial) 
Mean ± se 
N 
no data 4.9±1.33 17.0±2.59 0.4±0.22 0.4±0.22 
10 5 10 5 
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RESULTS 
Germination 
For all populations the seeds used in the tetrazolium test were vital. 
The fraction of seeds germinating in seawater (Table I) was significantly highest 
for seeds collected from the Grevelingen population, followed by Veerse Meer 
seeds. Zandkreek and Roscoff seeds showed the lowest germination. In brackish 
water germination of Grevelingen seeds remained significantly higher, while for 
Veerse Meer seeds germination was significantly higher compared with Roscoff 
seeds only. 
For all populations alike, germination of seeds in brackish water was significantly 
higher than in seawater (Table I). 
In both sea- and brackish water the amount of decaying seeds (Table I) originating 
from the Grevelingen population was significantly higher than from the other 
populations, among which no significant differences were found. 
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date 
Grevelingen Veerse Meer Zandkreek Roscoff 
(perennial) (semi-annual) (annual) (perennial) 
Fig. 2. Mean net relative growth rate (g g'1 AFDW day') for the Grevelingen (perennial), Veerse 
Meer (semi-annual), Zandkreek (annual) and Roscoff (perennial) populations. 
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Fig. 3. Mean maximum non-flowering shoot length (a) and leaf width (b) (cm) of the Grevelingen 
(perennial), Veerse Meer (semi-annual), Zandkreek (annual) and Roscoff (perennial) populations. 
Relative growth rate 
Between populations, no consistent differences in net relative growth rate (RGRN, g 
g-1 AFDW day"1) (Fig. 2) were apparent. 
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Morphology 
Shoots grown from seeds of the Roscoff population remained significantly shorter 
(Fig. 3a) than shoots from other populations. 
5« 40 -
Grevelingen 
(perennial) 
Veerse Meer 
(semi-annual) 
Zandkreek 
(annual) 
Roseo« 
(perennial) 
25 
20 -
15 -
10 -
5 -
Grevelingen 
(perennial) 
Τ 
ЖЖ 
• Х л л 
Veerse Meer 
(semi-annual) 
no data 
Zandkreek 
(annual) 
mean T s e (N=10) 
Fig. 4. Mean maximum percentage of flowering shoots (a) and number of spathes per shoot (b) for 
the Grevelingen (perennial), Veerse Meer (semi-annual), Zandkreek (annual) and Roscoff (perennial) 
populations. 
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Zandkreek leaves were significantly narrower (Fig. 3b) than Grevelingen and 
Veerse Meer leaves. The development in width of Roscoff leaves was conspicuous, 
these leaves were the narrowest in the first part of the study period and became the 
widest later on. In the flowering populations the first stems appeared around 18 
June, while the top percentage of flowering shoots was reached around 24 July (Fig. 
4a). Within these populations leaf width decreased in this period, but for the Roscoff 
population it increased (Fig. 3b). 
Reproduction 
The maximum percentage of flowering shoots (Fig. 4a) per container recorded for 
the Grevelingen population was significantly lower than of the Zandkreek 
population. The population from Roscoff showed no flowering shoots at all. Between 
populations with flowering shoots, no significant differences were displayed in the 
number of spathes per shoot (Fig. 4b). The number of seeds per spathe never 
exceeded 5. 
Table II 
Nitrogen content (% DW) and C:N (atom) ratio of above- and below-ground material for 
Grevelingen, Veerse Meer, Zandkreek and Roscoff populations. 
%N 
above-ground 
below-ground 
C:N ratio 
above-ground 
below-ground 
Grevelingen 
(perennial) 
2.17 
2.04 
17 
28 
Veerse Meer 
(semi-annual) 
1.58 
1.25 
17 
29 
Zandkreek 
(annual) 
1.10 
1.38 
23 
25 
Roscoff 
(perennial) 
3.21 
1.87 
13 
24 
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Tissue carbon and nitrogen content 
At the end of the study period, nitrogen content (N as % DW) (Table Π) of above-
ground material was highest for the Roscoff population, followed by the 
Grevelingen, Veerse Meer and Zandkreek populations, respectively. Nitrogen 
content in below-ground material was lower compared with above-ground material, 
except for the Zandkreek population. 
The range for C:N (atom) ratio of above-ground material (Table Π) was wider 
than for below-ground material. 
Between perennial (Grevelingen and Roscoff) and (semi-)annual (Veerse Meer and 
Zandkreek) populations no significant differences were found for any of the 
population dynamical response variables mentioned. 
DISCUSSION 
Shoots bearing spathes with seeds were kept under identical and controlled 
conditions for two weeks in the outdoor basin, before the seeds were colllected. It is 
therefore assumed that any osmotic shock, which seems to promote germination, had 
the same influence on seeds of all populations alike. One could speculate that during 
seed development, environmental factors already have their impact on the genetic 
information of the seeds. This would imply that the differences shown by the 
populations in response variables would not necessarily be the result of genotypic 
variability among populations only, as any future phenotypic variability could have 
been established before sampling and germination. If there is any truth in the 
speculation, even phenotypic differences could be expected among seeds originating 
from one population, but released relatively early or late in the season. No 
information adressing this subject is available. Therefore, it was assumed that the 
differences among populations observed, were entirely genetic in nature. 
Generative recruitment depends on seed production, germination and seedling 
survival (or net relative growth rate). Among individual populations genotypic 
variation in germination and flowering (as well as morphology) was present. 
Relative growth rates did not vary among individual populations, suggesting that 
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relative growth rate represents a phenotypic response. Consequently, especially in 
the first stages of the generative recruitment proces, genotypic differences among 
populations appear to be of importance. 
When compared with the Mean Square Error among populations, the difference 
between strategies (perennial versus annual) could not be shown to be significant. 
With only 2 populations in each category, the power of this test was very low. More 
populations from each category would be required to reveal any possible genetic 
differences in the characters mentioned. For germination of seeds, Keddy and 
Patriquin (1978) could not show a significant difference between annual and 
perennial populations, however. 
The germination percentages found in this study, are within the range reported 
from experimental laboratory studies (Phillips, 1971; Keddy and Patriquin, 1978; 
McMillan, 1983; Phillips et al., 1983; Hootsmans et al., 1987). The clearly higher 
percentage of decaying seeds of the Grevelingen population (Table I) was 
remarkable and might indicate a lower vitality. This was not confirmed by the 
vitality test or germination results (Table I), however. The large number of seeds (in 
particular from the Veerse Meer, Zandkreek and Roscoff populations) that remained 
and neither germinated nor decayed (Table I) was conspicuous and failed an 
explanation. 
According to Duarte (1990) leaf nutrient content below 1.8 nitrogen as % dry 
weight or an atomic C:N ratio above 20 predicts limitation of growth. At the end of 
the experiment leaf nitrogen content (Table II) of the Veerse Meer and Zandkreek 
populations indicated shortage for nitrogen, while the atomic C:N ratio (Table II) 
suggested nitrogen limitation for the Zandkreek population only. The Veerse Meer 
and Zandkreek populations showed the highest amount of flowering shoots (Fig. 4a). 
Since nutrient availability was similar for all populations, these results indicate that 
flowering and seed production involve a significant nitrogen investment (Madsen, 
1991). The Roscoff population showed no flowering at all and had the highest leaf 
nutrient content and lowest atomic C:N ratio at the end of the experiment (Table II). 
For the Grevelingen population in situ nitrogen limitation is reported for density and 
biomass of flowering shoots (Van Lent et al., in press). 
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Experimental germination and growth 
The results from this experiment are difficult to compare with in situ results 
previously recorded (Van Lent and Verschuure, 1994a,b), as in some cases different 
methods were used and conditions varied considerably. Nevertheless, some results 
were put side a side and are worth mentioning. 
In situ germination was represented by established seedlings as a percentage of 
seeds present in spring (Table I). Compared with the experimental germination 
results, in particular the relatively high in situ germination of the (semi-)annual 
populations is notable as seedling survival (after germination) is determined by 
different environmental conditions and mortality rates are usually high 
(Churchill, 1983). Although the Grevelingen population has very few seedlings in situ 
(Van Lent and Verschuure, 1994a), seeds showed the highest potential for 
germination under experimental conditions (Table I). 
Maximum above-ground RGRN of the Veerse Meer and Zandkreek populations 
approached maximum values recorded for the above-ground relative growth rate in 
situ, while for the Grevelingen population the maximum value reached in 
experimental growth was higher (Table III). Apparently, the Grevelingen population 
does not fully exploit its potential (above-ground) growth rate in situ. The same 
seems to apply for the population at Roscoff. For a somewhat deeper situated 
Z.marina bed at Roscoff, Jacobs (1979) reported a maximum turnover rate of 1.8 % 
day"1 (approx. 0.02 g g"1 AFDW day'1), a distinctly lower value than the maximum 
recorded during this experimental study (Table III). For both the perennial 
populations the in situ growth rates account for vegetatively produced shoots only. In 
contrast with the perennial Grevelingen population, the (semi-)annual Veerse Meer 
and Zandkreek populations regenerate each year from seeds (Van Lent and 
Verschuure, 1994a). It is unknown to what extent regeneration of populations at 
Roscoff takes place through seeds, but seedlings do relatively seldom occur within 
the eelgrass beds (C. den Hartog, personal communication). In these comparisons it 
is assumed that the potential for growth is equal for vegetatively and generatively 
produced shoots. Furthermore, the difference between calculation methods of the in 
situ and experimental relative growth rates must be taken into account. The in situ 
relative growth rates include respiration, but the leaf loss component is unknown. In 
literature no references could be found to studies comparing the ecology of 
seagrasses grown from seeds or vegetative plant parts such as rhizomes, while 
relatively few terrestrial studies touched this topic. For terrestrial plants (Aster and 
Solidago) Schmid and Bazzaz (1990) found no difference in population dynamical 
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characteristics between plants grown from seeds or rhizomes of the same (maternal) 
parents. 
The upper limit for maximum (non-flowering) shoot length in the experiment was 
higher than in situ values (Table III) for the (semi-)annual Veerse Meer and 
Zandkreek populations. Opposed to the relatively sheltered habitat provided by the 
experimental set up, the (semi-)annual populations endure high physical stress in 
their original habitat (Van Lent and Verschuure, 1994a,b). No such an 
environmental explanation is available for the upper limit of maximum width of 
experimental shoots being lower than of in situ shoots (Table III) for the Veerse 
Meer and Roscoff populations. 
In the experiment the percent of flowering shoots reached by the Grevelingen 
population was higher than maximum percentages recorded in situ (Table III). The 
opposite was true for the Veerse Meer and Zandkreek populations. For the 
Grevelingen in situ flowering is largely restricted to vegetatively produced shoots. 
Quantitative in situ data for the Roscoff population are not available. 
In general, isozyme studies did not reveal a high genetic differentiation among 
seagrass populations. McMillan (1982) did not found intraspecific variation in the 
enzyme systems of most of the 31 seagrass species studied. A relatively low 
partitioning of allozyme variation among populations of Z. marina compared with 
species from other hydrophilous taxa was found by Laushman (1993). For the 
populations used in this study, De Hey and Nienhuis (1992) found some 
differentiation at the isozyme level for the tidal Zandkreek population (similarity 
93% with the Grevelingen, Veerse Meer and Roscoff populations) and the 
geographically isolated Roscoff population (similarity 79% with the other 
populations). Together with Gagnon et al. (1980) they concluded that variation found 
in morphology and ecology should for the greater part be attributed to phenotypic 
(environmentally induced) differentiation. Using different methods, Backman (1984) 
reported that genetic variation (14%) together with variation due to interaction 
between genotype and environment (distinguished from phenotypic plasticity along 
temporal and spatial gradients due to variable environments) explained 49% of the 
total variation observed in morphology. In the present study, the discrepancy 
between in situ and experimental data illustrates that all of the characters mentioned 
were more or less influenced by the environment. Nevertheless, differences in 
morphology and especially sexual reproduction among individual populations suggest 
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a greater and more complex genotypic background than previously assumed through 
interpretation of isozyme patterns. The relative importance of genotype 
differentiation in displayed population dynamical characters among populations 
remains open to further study. It is clear, however, that in future studies concerning 
the impact of environmental factors on population dynamical characters (in particular 
sexual reproduction) of eelgrass populations, a possible significant genotypic 
influence can not be neglected. Laushman (1993) stated that much additional 
research is needed on the population genetics of aquatic plants. The results from our 
study imply that the conclusions may well account for other seagrass species than 
only Z.marina. 
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COMPARATIVE STUDY ON POPULATIONS OF ZOSTERA MARINA L. 
(EELGRASS): IN SITU NITROGEN ENRICHMENT AND LIGHT 
MANIPULATION 
ABSTRACT. The combined effects of light and nitrogen availability on 
population dynamical characteristics (e.g. growth rate, biomass, density, 
flowering) of a perennial and semi-annual population of Zostera marina L. 
were experimentally studied in two non-tidal lagoons (Grevelingen and Veerse 
Meer). Light reduction (approx. 70%) significantly reduced all population 
dynamical features measured in both populations. Under reduced light uptake 
of nitrogen occurred by plants of the semi-annual population, but the nutrient 
could not be used for growth. After enrichment with nitrogen plants of neither 
population stored nitrogen; the nutrient was immediately used. Light limitation 
of growth remained undetermined for the semi-annual population, although 
mean values for biomass and density characteristics doubled at light 
enhancement (studied in the Veerse Meer only). Nitrogen enrichment had a 
significantly positive effect on the perennial population; leading to enhanced 
above-ground relative growth rate, flowering and above-ground biomass. A 
lower probability of recruitment through generative reproduction (flowering) 
of the perennial population caused by nitrogen limitation apparently does not 
become compensated for by a possible higher vegetative production of shoots. 
Nitrogen limitation is thought to be a concomitant factor in the sharp decline 
of Z.marina populations since 1985 in the Grevelingen. 
INTRODUCTION 
The wide distribution of Zostera marina L. (eelgrass) (Den Hartog, 1970) and 
numerous ecological studies (cf. Van Lent and Verschuure, 1994a,b) suggest that the 
species is well adapted to a wide range of environmental conditions. Life-history 
strategies of Z.marina may vary between two extremes (annual and perennial) along 
a continuum (Jacobs, 1982; Van Lent and Verschuure, 1994a). The displacement of 
a population along this life-history continuum may be determined by the impact of 
environmental factors on growth and other traits constraining survival (e.g. resource 
allocation) (Madsen, 1991). Populations of Z.marina are known to disappear 
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completely from time to time and sometimes do not recover (Rasmussen, 1977; 
Short et al., 1988). 
Light and nutrient availability are primary growth regulators of Z.marina, as 
demonstrated by their relationship to relative growth rate, biomass, density and 
morphology (Dennison and Alberte, 1985; Dennison et al., 1987; Short, 1987; 
Zimmerman et al., 1987, 1991). Eelgrass light requirements (both intensity and 
period) are closely associated with its depth distribution (Dennison and Alberte, 
1982, 1985; Dennison, 1987). Nutrient limitation has been demonstrated (Orth, 
1977; Harlin and Thome-Miller, 1981; Short, 1983a, 1987; Murray et al., 1992; 
Williams and Ruckelshaus, 1993), but is not considered to be a general phenomenon 
(Dennison et al., 1987). Zimmerman et al. (1987) concluded that nitrogen limitation 
of Z.marina should be rare in nature. All studies mentioned above focussed on 
perennial populations only. 
Z.marina populations within one geographical region (delta area of the 
southwestern Netherlands), but growing in different habitats, revealed high 
variability in population dynamics, while certain characteristics (e.g. flowering) 
showed large year-to-year variations. Light or nutrients were inferred, based on field 
studies (Van Lent and Verschuure, 1994b), to limit growth of these populations with 
different life-history strategies. In one area with semi-annual populations (Veerse 
Meer), during the growing season the average monthly bottom irradiance often 
remained below the light saturation point for photosynthesis of Z.marìna. 
Considerable short-term variations in turbidity (described by the vertical extinction 
coefficient, k) were also likely to occur as a result of high phytoplankton blooms and 
macroalgae biomass. For perennial populations in a different locality (Grevelingen) 
with comparatively clear water, nitrogen limitation of growth was indicated by 
internal leaf nitrogen levels and relatively low nutrient concentrations in both 
surface- and interstitial water (Van Lent and Verschuure, 1994b). Therefore, in the 
growing season growth limitation by light and nitrogen was assumed for the Veerse 
Meer and Grevelingen population, respectively. Contrary to the Veerse Meer 
populations, the distribution and biomass of the populations in the Grevelingen has 
been declining rapidly since 1985 (L. Apon, unpublished data, 1989; P.H. Nienhuis, 
personal communication; F. van Lent, personal observation). The present 
experimental in situ study aimed to test the hypothesis that productivity of the 
Z.marìna populations in the Grevelingen is nitrogen-limited and of the Veerse Meer 
populations light-limited. The experiment was also designed to elucidate the 
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1: Grevelingen 
2: Veeree Meer 
Fig. 1. The delta area of the southwestern Netherlands (a) and the experimental sites (b) in the 
Grevelingen (1) and Veeree Meer (2). The study took place in the growing season of 1989. 
influence of nitrogen and/or light availability on selected population dynamical 
characters. 
MATERIAL AND METHODS 
Study sites 
Permanent quadrats (PQ) measuring 25x25 m were set up in monospecific beds of 
Z. marina in two non-tidal habitats of the delta area in the southwestern Netherlands 
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(Fig. la): Grevelingen and Veerse Meer (Fig. lb). Both PQs were situated at 1.25 
m depth. The Grevelingen is mesotrophic and has a salinity comparable with the 
North Sea. Based on field data, nitrogen limitation for growth was suggested for the 
perennial Grevelingen population (Van Lent and Verschuure, 1994b). In contrast 
with the Grevelingen, Veerse Meer is eutrophic and brackish. The population in the 
Veerse Meer is semi-annual and according to field observations growth is possibly 
limited by light (Van Lent and Verschuure, 1994b). Temperature does not differ 
significantly between sites. For a detailed description of these study sites one is 
referred to Van Lent and Verschuure (1994a,b). The study took place in the growing 
season of 1989 using SCUBA-diving equipment. 
Light manipulation 
Light reduction was accomplished with shading screens, causing a 70% reduction of 
ambient light intensity. Green polyethylene sheets (Wunderleen 9014) were secured 
on metal frames ( 0 1.60 m), which were fixed on poles just below the water 
surface. Metal frames without shading sheets were used as control. 
Enhancement of light was established using light reflectors. Mirrors were attached 
on the inside of metal frames, which had a diameter increasing from 1.00 m 
(bottom) to 1.60 m (top) and a height of 0.80 m. Consequently, the mirrors made an 
angle of approximately 55° with the bottom. Metal frames without mirrors, but with 
translucent plexiglass boards instead (to obtain equal current conditions) were used 
as controls. Lines and pins kept reflectors and controls anchored. 
Screens, reflectors and controls were regularly cleaned from algal and invertebrate 
growth. 
Nitrogen enrichment 
For sediment nitrogen enrichment the fertilizer Azolon 38N was used. This fertilizer 
(grains) contains 38% nitrogen and is based on ureaformaldehyde chains with three 
different lengths to provide a slow and gradual release of nitrogen (the length 
determines the time of release: within weeks up to one year under terrestrial 
conditions). The fertilizer did not contain other nutrients. 
Plots of 0.20x0.20 m were set out and for each plot at five places a small core ( 0 
2.2 cm) was taken to a depth of 10 cm. The fertilizer was added to the holes left by 
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the cores and subsequently the cores were put back in place. Enrichment of sediment 
took place with 500 g fertilizer (190 g Ν) per square metre, at the beginning of the 
study period (May/June until August). 
Experimental design 
In the Grevelingen, in total 4 shading screens (light reduction) and 4 controls were 
placed randomly within the PQ. Sediment plots under 2 shading screens and 2 
controls were fertilized with nitrogen. For the Veerse Meer the same design was 
used, with the addition of two light reflectors (light enhancement) and their two 
controls. 
Light measurements 
Light intensity (PAR: photosynthetically active radiation, i.e. wavelengths 400-700 
nm) was measured twice (June/July) using a LI 192 SB sensor (μΕ m'2 s"1). For 
shading screens and controls light readings were taken above (irradiance) and just 
below the water surface, half way and at the bottom of the water column. For 
reflectors and their controls the light was measured above and just below the water 
surface and half way the height of the frames. 
Nitrogen in interstitial and surface water 
Samples of interstitial water from 0-5 and 5-10 cm depth were taken once in July 
using so called "sediment-sippers", described by Zimmermann et al. (1978) and 
Montgomery et al. (1979). Interstitial water was collected in PVC vacuum bottles, 
which were transported in a coolbox to the laboratory. The water was filtered 
through a Sartorius (0.20 μπι) filter using a syringe. Analyses for ammonium and 
nitrate plus nitrite (the fraction of nitrite will not be mentioned further) took place 
with an autoanalyzer (Technicon II) according to the method of Parsons et al. 
(1984). Nutrient concentrations (μΜ) were calculated over 10 cm depth. 
Surface water samples were taken in PVC bottles and filtered through a Schleicher 
& Schuell (1.0 μπι) filter in the laboratory. Ammonium and nitrate plus nitrite 
content was determined in the same way as in the interstitial water samples. 
113 
Chapter five 
Biomass and density 
In the Grevelingen the experiment started at the end of May 1989. Two months later 
at each shading screen and control, two samples (0.20x0.20 m) were dug out to a 
depth of IS cm. The samples were sieved and stored in plastic bags in a coolbox. In 
the laboratory the material was separated into leaves, generative stems, spathes 
(above-ground material) and rhizomes with roots (below-ground material). The 
numbers of flowering and non-flowering shoots were counted. The fractions were 
rinsed and if present, epiphytes were removed by scraping and washing. Dead 
biomass (unattached, dark brown leaves and dark brown/black rhizomes) was 
discarded. All the material was dried at 60-80 °C to constant dry weight (DW) and 
ash-free dry weight (AFDW) was determined by combustion at 550 °C for two 
hours. 
In the Veerse Meer the experiment started in mid June and after two months 
sampling took place following the same procedure as for the Grevelingen. One 
sample was dug out for each reflector and its control. 
Above-ground relative growth rate 
Relative growth rate of above-ground material was determined using a leaf-marking 
method (Sand-Jensen, 1975). Seagrass turfs were dug out, placed in plant boxes 
(containers of 0.32x0.32x0.12 m) and put in a sediment space with the dimensions 
of the container under shading screens, in reflectors and controls (with and without 
nitrogen enrichment). Nitrogen enrichment of the containers took place using the 
same method as mentioned above. For both Grevelingen (June/July) and Veerse 
Meer (July/August) in each container ten randomly selected shoots were marked and 
collected after approximately two weeks, when ten shoots were marked again. This 
procedure was repeated two times. Only non-flowering shoots were marked. All 
leaves were individually marked with a felt-tip pen (black, non-toxic) at a constant 
distance from a reference point (upper rim of the enclosing leaf sheath). The newly 
produced above-ground tissue per shoot was directly harvested and with the 
remainder dried at 60-80 °C to constant dry weight and combusted at 550 °C for two 
hours. Weight increase and total weight were then used in calculations. 
(Net) above-ground relative growth rate (RGR, in g g"1 AFDW day'; the fraction 
of above-ground plant material produced per unit time) was calculated as: 
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RGR,= Р
в
/В
и 
where P„ is above-ground production per shoot per day (g AFDW shoot:1 day') and 
B„ is above-ground biomass per shoot (g AFDW shoot"1) (at time of recollection). 
Organic carbon and nitrogen, and chlorophyll analyses of organic material 
Plant material was sampled following the same procedure as described above for 
"biomass and density". After drying to constant dry weight, above- and below-
ground material was ground to powder with a bullet-mixer for elementary analyses. 
Organic carbon and total nitrogen were determined using a Carlo Erba NA-1500 
autoanalyzer according to a method described by Nieuwenhuize et al. (1994). 
Analyses for chlorophyll were carried out on leaves kept frozen to -20 °C. The 
material was freeze-dried, ground with glassbeads and simultaneously extracted with 
acetone for 24 hours. The solution was then centrifugea for five minutes and the 
amount of chlorophyll a and b was determined by HPLC (Millipore Waters) 
according to the method of Brown et al. (1981). 
Statistics 
Differences in characteristics of Z. marina caused by light reduction and/or nitrogen 
enrichment were analyzed with nested ANOVA, using an a priori hypothesis test. 
The (S)um-of-(S)quares treatment effect was separated into 3 single degree of 
freedom components: light (I), nitrogen (N) and light*nitrogen (I*N). All 3 were 
tested over the error (M)ean (S)quares. I stands for the treatment effect of light 
reduction without nitrogen enrichment, while N represents the treatment effect of 
nitrogen enrichment under ambient light conditions. A significant interaction (I*N) 
demonstrates a different influence of nitrogen enrichment under ambient light 
conditions than at light reduction, or vice versa, a different influence of light 
reduction under ambient nitrogen conditions than at nitrogen enrichment. Differences 
caused by light enhancement and other comparisons of means were analyzed with 
ANOVA. Means are given with standard error (se), and differences were considered 
to be significant at a level of ρ < 0.05. 
For graphical presentation of results Box-and-Whiskers plots are used (Wilkinson, 
1992). 
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Table I 
Statistical ANOVA tables (a) and % of variance (b) for the treatment response of the number of 
shoots, number of flowering shoots, above-ground biomass, biomass of steins and spathes, below-
ground biomass and total biomass of the Grevelingen population. 
a 
number of shoots 
SS 
29055.688 
264.062 
28476.563 
315.063 
df 
3 
1 
1 
1 
MS 
9685.229 
264.062 
28476.563 
315.063 
F-ratio 
98.640 
2.689 
290.022 
3.209 
Ρ 
0.000 
0.140 
0.000 
0.111 
treatments 
N 
I 
I*N 
785.500 98.188 error 
number of flowering shoots 
SS 
683.188 
162.563 
370.563 
150.063 
¡ 
df 
3 
1 
1 
1 
MS 
227.729 
162.563 
370.563 
150.063 
F-ratio 
10.623 
7.583 
17.286 
7.000 
Ρ 
0.004 
0.025 
0.003 
0.029 
treatments 
N 
I 
I*N 
171.500 21.438 error 
above-ground biomass (g AFDW) 
SS 
89.602 
6.290 
76.782 
6.529 
df 
3 
1 
1 
1 
MS 
29.867 
6.290 
76.782 
6.529 
F-ratio 
106.988 
22.533 
275.043 
23.388 
Ρ 
0.000 
0.001 
0.000 
0.001 
treatments 
Ν 
I 
I*N 
2.233 0.279 error 
biomass of stems plus spathes (g AFDW) 
SS 
5.377 
1.036 
3.286 
1.055 
df 
3 
1 
1 
1 
MS 
1.792 
1.036 
3.286 
1.055 
F-ratio 
18.260 
10.553 
33.474 
10.753 
Ρ 
0.001 
0.012 
0.000 
0.011 
treatments 
N 
I 
I*N 
0.785 0.098 error 
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Table I (continuation) 
below-ground biomass (g AFDW) 
SS 
23.871 
0.387 
23.311 
0.173 
df MS 
7.957 
0.387 
23.311 
0.173 
F-ratio 
13.057 
0.635 
38.252 
0.283 
Ρ 
0.002 
0.449 
0.000 
0.609 
treatments 
Ν 
I 
Ι·Ν 
4.857 0.609 
total biomass (g AFDW) 
SS 
197.089 
3.557 
184.707 
8.825 
df MS 
65.696 
3.557 
184.707 
8.825 
F-ratio 
56.499 
3.059 
158.849 
7.589 
Ρ 
0.000 
0.118 
0.000 
0.025 
treatments 
Ν 
I 
Ι*Ν 
9.302 1.163 
above-ground relative growth rate (g g"1 AFDW day"1) 
SS 
0.007 
0.001 
0.005 
0.000 
df MS 
0.002 
0.001 
0.005 
0.000 
F-ratio 
72.766 
45.663 
147.629 
14.107 
Ρ 
0.000 
0.000 
0.000 
0.000 
treatments 
N 
I 
I*N 
0.006 195 0.000 
N 
% 
I 
% 
I*N 
% 
Number of shoots 
Number of flowering shoots 
Above-ground biomass (g AFDW) 
Biomass of stems plus spathes (g AFDW) 
Below-ground biomass (g AFDW) 
Total biomass (g AFDW) 
Above-ground relative growth rate (g g"1 AFDW day1) 
23.8 
7.0 
19.3 
14.3 
98.0 
54.2 
85.7 
61.1 
97.7 
93.7 
71.4 
22.0 
7.3 
19.6 
4.5 
14.3 
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RESULTS 
Shading screens decreased the amount of light reaching the bottom significantly by 
up to 84% (irradiance at controls 620±60 and shading screens 98±8 μΕ m"2 s"1, 
respectively; N=6 Grevelingen). Reflectors in the Veerse Meer increased the 
amount of light by 72% (388 ±13 μΕ m"2 s 1 at reflectors and 225 ±25 μΕ ην2 s'1 at 
control plots; N=4). 
Ammonium concentrations in interstitial waters of nitrogen enriched plots 
(58.4±6.6 μΜ) remained significantly higher in the Grevelingen then those in 
control plots (19.5 ±4.1 μΜ) (N=4) after about 45 days following enrichment. 
Nitrate concentrations did not differ significantly (overall mean 2.05 ±0.30 μΜ). In 
the Veerse Meer ammonium concentration in nitrogen-enriched plots (71.4±28.9 
μΜ) did not differ significantly from that in control plots (50.5±3.4 μΜ) (N=4) 
after 45 days. Also for nitrate no significant differences could be shown between 
nitrogen-enriched plots and controls (overall mean 1.34±0.22 μΜ). 
Fig. 2. Box-and-Whiskers plots for the effect of nitrogen enrichment, light reduction and the 
combination of nitrogen enrichment plus light reduction on biomass and density characteristics of the 
Grevelingen population: number of shoots (a), number of flowering shoots (b), above-ground biomass 
(с), biomass of generative stems plus spathes (d), below-ground biomass (e) and total biomass (0 . 
Number and biomass (g AFDW) are calculated for 0.04 m2 Conditions represent control (C), nitrogen 
enrichment ( + N ) , light reduction (-1) and light reduction plus nitrogen enrichment (+N-I). The center 
horizontal line represents the median of the values, the lower and upper hinges split the remaining 
halves in half again and the whiskers show the range of values that fall within 1.5 Hspreads of the 
hinges (Hspread is the absolute value of the difference between the values of the two hinges). Values 
outside the inner fences (inner fence=lower hinge or upper hinge minus or plus 1.5 Hspread) are 
plotted with asteriks. 
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Table II 
Statistical ANOVA tables (a) and % of variance (b) for the treatment response of the number of 
shoots, number of flowering shoots, above-ground biomass, biomass of stems and spathes, below-
ground biomass and total biomass of the Veerse Meer population, 
a 
number of shoots 
SS 
4481.500 
110.250 
4290.250 
81.000 
2459.000 
df 
3 
1 
1 
1 
8 
number of flowering shoots 
SS 
733.250 
0.250 
729.000 
4.000 
df 
3 
1 
1 
1 
MS 
1493.833 
110.250 
4290.250 
81.000 
307.375 
MS 
244.417 
0.250 
729.000 
4.000 
F-ratio 
4.860 
0.359 
13.958 
0.264 
F-ratio 
5.105 
0.005 
15.227 
0.084 
Ρ 
0.033 
0.566 
0.006 
0.622 
Ρ 
0.029 
0.944 
0.005 
0.780 
treatments 
N 
I 
I*N 
error 
treatments 
N 
I 
I*N 
383.000 47.875 error 
above-ground biomass (g AFDW) 
SS 
272.147 
0.530 
271.616 
0.000 
df 
3 
1 
1 
1 
MS 
90.716 
0.530 
271.616 
0.000 
F-ratio 
10.653 
0.062 
31.896 
0.000 
Ρ 
0.004 
0.809 
0.000 
0.994 
treatments 
Ν 
I 
I*N 
68.125 8.516 error 
biomass of stems plus spathes (g AFDW) 
SS 
94.422 
0.262 
94.144 
0.016 
df 
3 
1 
1 
1 
MS 
31.474 
0.262 
94.144 
0.016 
F-ratio 
11.215 
0.093 
33.546 
0.006 
Ρ 
0.003 
0.768 
0.000 
0.942 
treatments 
N 
I 
I*N 
22.451 2.806 error 
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Table II (continuation) 
below-ground biomass (g AFDW) 
SS df 
Э.121 3 
MS 
1.040 
F-ratio 
3.156 
Ρ 
0.086 treatments 
2.637 
total biomass (g AFDW) 
95.267 
0.330 
SS 
328.067 
0.017 
327.923 
0.128 
df MS 
109.356 
0.017 
327.923 
0.128 
F-ratio 
9.183 
0.001 
27.537 
0.011 
Ρ 
0.006 
0.971 
0.001 
0.920 
treatments 
Ν 
I 
I*N 
11.908 
above-ground relative growth rate (g g~' AFDW day"1) 
SS 
0.002 
0.000 
0.002 
0.000 
d Г MS 
0.001 
0.000 
0.002 
0.000 
F-ratio 
10.263 
0.167 
29.663 
0.806 
Ρ 
0.000 
0.684 
0.000 
0.371 
treatments 
N 
I 
I*N 
0.010 195 0.000 
N 
% 
I 
% 
I*N 
% 
Number of shoots 
Number of flowering shoots 
Above-ground biomass (g AFDW) 
Biomass of stems plus spathes (g AFDW) 
Below-ground biomass (g AFDW) 
Total biomass (g AFDW) 
Above-ground relative growth rate (g g'1 AFDW day"1) 
95.7 
99.4 
99.8 
99.7 
99.9 
100.0 
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Light reduction had a significant negative effect on biomass and density (total 
number of shoots, number of flowering shoots, total above-ground biomass, 
biomassof generative stems plus spathes, below-ground biomass and total biomass) 
and above-ground relative growth rate of the Grevelingen population (Figs. 2a-f and 
4a, Table la). Light reduction explained at least 54% of the variance in these 
properties (Table lb). Nitrogen enrichment significantly increased the number of 
flowering shoots, total above-ground biomass, biomass of generative stems plus 
spathes and above-ground relative growth rate, while a combination of nitrogen 
enrichment and light reduction had a significant negative influence on all these 
features and total biomass as well. 
With the exception of the below-ground biomass (for which the treatment effect 
was not significant), light reduction also significantly decreased all characteristics of 
biomass and density mentioned for the Veerse Meer population as well as above-
ground relative growth rate (Figs. 3a-f and 4b, Table IIa), and explained up to 
almost 100% of the variance (Table ПЬ). Neither nitrogen enrichment nor the 
combination of light reduction and nitrogen enrichment showed a significant effect 
on biomass, density or relative growth rate. The same accounted for light 
enhancement, although biomass and density doubled (Table Illa.b). 
Fig. 3. Box-and-Whiskers plots for the effect of nitrogen enrichment, light reduction and the 
combination of nitrogen enrichment plus light reduction on biomass and density characteristics of the 
Veerse Meer population: number of shoots (a), number of flowering shoots (b), above-ground 
biomass (с), biomass of generative stems plus spathes (d), below-ground biomass (e) and total 
biomass (f). Number and biomass (g AFDW) are calculated for 0.04 m2 Conditions represent control 
(C), nitrogen enrichment ( + N ) , light reduction (-1) and light reduction plus nitrogen enrichment ( + N -
I). The center horizontal line represents the median of the values, the lower and upper hinges split the 
remaining halves in half again and the whiskers show the range of values that fall within 1.5 Hspreads 
of the hinges (Hspread is the absolute value of the difference between the values of the two hinges). 
Values outside the inner fences (inner fence=lower hinge or upper hinge minus or plus l.S Hspread) 
are plotted with asteriks. 
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Table III 
Mean values with standard error (se) of biomass and density characteristics (a), above-ground relative 
growth rate (g g"1 AFDW day1) (b), nitrogen (N as % DW) and carbon (C as % DW) content of 
plant tissue (c) and chlorophyll a plus b content (mg g"1 DW) of leaf material (d) of the Veerse Meer 
population as a result of light enhancement (+1). Number and biomass (g AFDW) are calculated for 
0.04 m2. 
Control 
mean ± se 
+1 
mean ± se 
N=2 N=2 
Number of shoots 
Number of flowering shoots 
Above-ground biomass 
Biomass of stems plus spathes 
Below-ground biomass 
Total biomass 
Above-ground relative growth rate 
с 
Nitrogen 
Leaves 
Stems and spathes 
Rhizomes and roots 
Carbon 
Leaves 
Stems and spathes 
Rhizomes and roots 
Leaf chlorophyll a+b 
36.0±11.0 
17.5±2.5 
7.77 ±1.72 
4.58±1.00 
0.82±0.31 
8.59±2.03 
N=57 
0.033±0.001 
N=2 
2.20±0.O4 
1.02 ±0.02 
1.02±0.04 
40.9±0.90 
38.8±0.83 
32.5 ±1.25 
N=2 
12.1±0.21 
85.0±6.0 
34.5±3.5 
14.87±2.71 
8.21±1.71 
1.60±0.06 
16.48±2.76 
N=58 
0.033 ±0.001 
N=2 
2.28 ±0.28 
1.11±0.04 
1.09±0.19 
40.2±1.00 
38.2±0.30 
32.2 ±0.40 
N=2 
13.4±1.30 
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Light reduction increased significantly the nitrogen content (N as % DW) of 
rhizomes and roots of the Grevelingen population (explained 64.9% of the variance). 
The treatments had no significant effect on the nitrogen content of leaf material or 
the carbon content (C as % DW) (Table IVa,b). For the Veerse Meer population, 
light reduction significantly increased the nitrogen content of both leaves and stems 
plus spathes (explained 95.5% and 95.6% of the variance, respectively), while the 
carbon content significantly decreased for stems plus spathes (explained 62.9% of 
the variance) (Table Va,b). 
The treatments had no significant effect on the leaf chlorophyll content (a plus b 
in mg g 1 DW) of the populations (Table Vla.b). 
DISCUSSION 
The results indicate that for the Grevelingen as well as for the Veerse Meer eelgrass 
populations, above-ground relative growth rate and biomass is primarily controlled 
by light availability. In principle photosynthetic capacity determines other metabolic 
processes and implicitly also nutrient uptake. According to Dennison (1987), 
eelgrass requires about 98 μΕ m"2 s"1 to support photosynthesis, and irradiance must 
exceed this level for at least 6 h per day to support growth (Dennison and Alberte, 
1985). Our shading screens reduced bottom irradiance below that required to 
maintain photosynthesis for a prolonged period of time. In the Veerse Meer the 
shading screens indeed pushed the bottom irradiance below the maximum light 
saturation point mentioned by Dennison (1987) (Veerse Meer control: 244±35 
(N=2), shading screens: 57±6 (N=4) μΕ m"2 s"1). In the Grevelingen, however, the 
shading screens yield a bottom irradiance equal to the maximum light saturation 
point cited (Grevelingen control: 620±60 (N=2), shading screens: 98±9 (N=4) μΕ 
m"
2
 s"
1). (Shading screens did not alter the light spectrum (M.L.J, van Veghel, 
unpublished data, 1988)). 
Leaf chlorophyll content was not significantly affected by the treatments for 
neither the Grevelingen nor the Veerse Meer population (Table Vla.b). Using in situ 
shading screens, Dennison and Alberte (1982, 1985) only occasionally found a 
significant increase in leaf chlorophyll content for either relatively shallow or deep 
growing populations. They stated that photosynthetic characteristics of Z.marina are 
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less responsive to light manipulations compared with growth and biomass 
parameters. 
Nitrogen content of some tissues significantly increased, while the carbon content 
significantly decreased for stems plus spathes of the Veerse Meer population only 
(Table Va,b): apparently uptake of nitrogen occurred in this population, but the 
energy to use this resource for leaf growth appeared to be insufficient. The carbon 
reserves of tissue involved in the generative reproduction process were drawn down. 
For the Veerse Meer population light enhancement had no significant effect on 
growth, biomass and density (Table Illa.b). The controls for the light reflectors in 
the Veerse Meer gave an irradiance half way the frames of 226 ±26 (N=4) дЕпг 1. 
If the value of 98 μΕ m 2 s ' for the maximum light saturation point mentioned by 
Dennison (1987) is correct, the controls would already be light saturated for growth 
and a response to more light could not be expected. Yet, compared with the control, 
mean values of the light enhancement experiment for biomass and density 
characteristics were all nearly twice as high. The limited number of replicate 
samples may have prevented a significant result. With the minimum of replicates 
used, significant results implicate a very strong effect of the manipulation. Not 
significant results, however, may merely indicate that the experimental design had 
not the power to detect changes in réponse to the treatment. Mean values of the light 
enhancement experiment and the control for above-ground relative growth rate were 
similar, however. For leaf chlorophyll content a significant difference between 
control and light enhancement was not shown (Table Hid), but leaf chlorophyll 
content of eelgrass from the control plots in the Veerse Meer was about 3-fold 
higher than those under shading screens in the Grevelingen (Table Vla.b). It could 
Fig. 4. Box-and-Whiskers plots for the effect of nitrogen enrichment, light reduction and the 
combination of nitrogen enrichment plus light reduction on above-ground relative growth rate (g g"1 
AFDW day') of the Grevelingen (a) and Veerse Meer (b) population. Conditions represent control 
(C), nitrogen enrichment (+N) , light reduction (-Γ) and light reduction plus nitrogen enrichment ( + N -
I). The center horizontal line represents the median of the values, the lower and upper hinges split the 
remaining halves in half again and the whiskers show the range of values that fall within l.S Hspreads 
of the hinges (Hspread is the absolute value of the difference between the values of the two hinges). 
Values outside the inner fences (inner fence=lower hinge or upper hinge minus or plus l.S Hspread) 
are plotted with asteriks. 
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Table IV 
Statistical ANOVA tables (a) and mean values with standard error (se) (b) for the treatment response 
of the nitrogen (% N as DW) and carbon (% С as DW) content of plant tissue of the Grevelingen 
population. 
Nitrogen 
leaves 
SS 
0.822 
df 
3 
MS 
0.274 
F-ratio 
4.137 
Ρ 
0.080 treatments 
0.331 0.066 error 
stems and spathes 
rhizomes and roots 
SS 
0.189 
0.027 
0.109 
0.032 
df 
3 
1 
1 
1 
data set not 
MS 
0.06Э 
0.027 
0.109 
0.032 
complete 
F-ratio 
5.638 
2.434 
9.735 
2.869 
Ρ 
0.028 
0.163 
0.017 
0.134 
treatments 
N 
I 
I*N 
0.078 0.011 error 
Carbon 
leaves 
ss 
11.637 
df 
3 
MS 
3.879 
F-ratio 
2.581 
Ρ 
0.166 treatments 
7.515 1.503 error 
steins and spathes 
rhizomes and roots 
SS 
16.330 
df 
3 
data set not complete 
MS F-ratio 
5.443 1.957 
Ρ 
0.209 treatments 
19.475 2.782 error 
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Control +N -I +N-I 
mean±se N mean±se N mean ±se N mean±se N 
Nitrogen 
Leaves 
Stems+spathes 
Rhizomes+roots 
Carbon 
Leaves 
Stems+spathes 
Rhizomes+roots 
1.70±0.07 4 
1.10±0.34 2 
1.13±0.11 4 
37.2±0.23 4 
33.6±2.10 2 
37.0±0.73 4 
1.64±0.12 4 
1.25±0.13 4 
1.12±0.05 4 
35.0±0.88 4 
35.8±0.72 4 
36.6±0.58 4 
2.16±0.20 3 
no data 
1.22 ±0.02 3 
35.4±0.81 3 
no data 
34.4±1.11 3 
2.28 ±0.03 2 
no data 
1.39±0.05 4 
36.1 ±0.37 2 
no data 
35.9±0.38 4 
be that the low chlorophyll content of Grevelingen leaves was derived from nitrogen 
limitation, but then nitrogen additions should have increased chlorophyll 
concentrations. It is possible that the process determining leaf chlorophyll content 
only responds slowly to changes in light, depending on the circumstances. As 
already mentioned earlier, photosynthetic characteristics of Z.marina are less 
responsive to light manipulations compared with growth and biomass parameters 
(Dennison and Alberte, 1982, 198S). In conclusion, light limitation affecting relative 
growth rate and biomass under ambient conditions is undetermined for the Z.marina 
population in the Veerse Meer. 
Nutrient enrichment (Ν, Ρ or N+P) of Z.marina beds (in situ or mesocosm 
studies) has been found in the past to influence relative growth rate, biomass, 
density and plant morphology (Orth, 1977; Harlin and Thome-Miller, 1981; Short, 
1987; Murray et al., 1992; Williams and Ruckelshaus, 1993). In situ nutrient 
limitation was reported (Orth, 1977; Short, 1983a, 1987; Williams and Ruckelshaus, 
1993) and ammonium saturation levels for growth (in sediment pore water only) of 
100 μΜ (Dennison et al., 1987) and even 500 μΜ (Williams and Ruckelshaus, 
1993) were mentioned. In both the Grevelingen and the Veerse Meer, ammonium 
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Table V 
Statistical ANOVA tables (a) and mean values with standard error (se) (b) for the treatment response 
of the nitrogen (% N as DW) and carbon (% С as DW) content of plant tissue of the Veerse Meer 
population. 
Nitrogen 
leaves 
SS 
3.610 
0.149 
3.243 
0.000 
df 
3 
1 
1 
1 
MS 
1.203 
0.149 
3.243 
0.000 
F-ratio 
17.171 
2.132 
46.268 
0.000 
Ρ 
0.001 
0.188 
0.000 
0.986 
treatments 
N 
I 
I*N 
0.491 0.070 error 
stems and spathes 
SS 
1.676 
0.074 
1.599 
0.002 
df 
3 
1 
1 
1 
MS 
0.559 
0.074 
1.599 
0.002 
F-ratio 
23.935 
3.182 
68.526 
0.090 
Ρ 
0.001 
0.125 
0.000 
0.774 
treatments 
N 
I 
I*N 
0.140 0.023 error 
rhizomes and roots 
SS 
0.127 
df 
3 
MS 
0.042 
F-ratio 
2.720 
Ρ 
0.154 treatments 
0.078 0.016 error 
Carbon 
leaves 
ss 
6.856 
df 
3 
MS 
2.285 
F-ratio 
3.278 
Ρ 
0.089 treatments 
0.697 error 
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Table V (continuation) 
stems and spathes 
SS 
87.326 
12.090 
43.956 
13.861 
df 
3 
1 
1 
1 
MS 
29.109 
12.090 
43.956 
13.861 
F-ratio 
10.760 
4.469 
16.249 
5.124 
Ρ 
0.008 
0.079 
0.007 
0.064 
treatments 
N 
I 
I*N 
16.231 2.705 
rhizomes and roots 
SS 
34.667 
df 
3 
MS 
11.556 
F-ratio 
0.423 
Ρ 
0.747 treatments 
109.315 27.329 error 
Nitrogen 
Leaves 
Stems+spathes 
Rhizomes+roots 
Carbon 
Leaves 
Stems+spathes 
Rhizomes+roots 
Control 
mean±se N 
2.50±0.07 4 
1.17±0.04 4 
1.01 ±0.06 3 
41.3±0.56 4 
39.4 ±0.54 4 
26.7±2.46 3 
+N 
mean ± se N 
2.30±0.03 4 
1.03 ±0.02 4 
1.00±0.05 4 
40.3±0.14 4 
39.3 ±0.45 4 
31.0±2.93 4 
-I 
mean ± se N 
3.46±0.13 4 
1.98 ±0.25 2 
1.18±0.03 3 
42.2±0.99 4 
33.6±1.63 4 
28.9±0.00 2 
+N-I 
mean ± se N 
2.28 ±0.03 2 
1.78 ±0.02 2 
1.24 ±0.06 3 
41.3 ±0.72 3 
37.7±0.15 2 
31.6±1.95 3 
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Table VI 
Statistical ANOVA tables and mean values with standard error (se) for the treatment response of the 
chlorophyll a+b content (mg g-1 DW) of leaf material of the Grevelingen (a) and Veerse Meer (b) 
population. 
a 
Grevelingen leaf chlorophyll a+b 
SS df MS F-ratio ρ 
4.011 3 1.337 1.987 0.205 treatments 
4.710 7 0.673 error 
Control +N -I +N-I 
mean ± se N mean ± se N mean ± se N mean ± se N 
Grevelingen 
chlorophyll a+b 4.5±0.21 4 3.5±0.28 4 3.9±0.53 4 5.2±0.65 3 
b 
Veerse Meer leaf chlorophyll a+b 
SS df MS F-ratio ρ 
19.558 3 6.519 2.715 0.115 treatments 
19.209 8 2.401 error 
Control +N -I +N-I 
mean ± se N mean ± se N mean ± se N mean ± se N 
Veerse Meer 
chlorophyll a+b 10.9±0.74 4 9.3±1.68 4 11.7±1.10 4 12.2±0.85 4 
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(Z.marina prefers ammonium above nitrate (Iizumi and Hattori, 1982; Thursby and 
Harlin, 1982; Short and McRoy, 1984; Hemminga et al., 1994)) concentrations in 
interstitial water can fall below 100 μΜ (Van Lent and Verschuure, 1994b, this 
study) during the growing season. Therefore, it is not surprising that the Z.marina 
population in the Grevelingen showed a clear response (above-ground relative 
growth rate, biomass of generative stems and spathes, above-ground biomass and 
density of flowering shoots) to sediment nitrogen enrichment (Figs. 2b,c,d and 4a, 
Table la) and may be considered as nitrogen-limited. This is consistent with the low 
nitrogen content of the leaves, 1.7% DW (Table IVb), similar to those in other 
seagrasses demonstrated to be nitrogen-limited (less than 2% DW, Duarte (1990)). 
In the Veerse Meer both surface- and interstitial water nutrient (ammonium, nitrate 
and phosphate) concentrations reach higher maximum values (Van Lent and 
Verschuure, 1994b) than in the Grevelingen: the Veerse Meer is considered 
eutrophic and Grevelingen mesotrophic. One and one-half months after nitrogen 
enrichment was performed, in the Veerse Meer no significant differences in 
ammonium concentrations between nitrogen enriched plots and controls could be 
found. We may speculate that compared with the Grevelingen, the Veerse Meer 
might have more intensive microbial processes (e.g. denitrification) in the sediment, 
that higher exchange rates between sediment and water column exist and/or that 
nitrogen concentrations in interstitial water of the Veerse Meer were so high, that 
the addition of more nitrogen did not result in significant differences among controls 
and nitrogen-enriched plots. Sediment characteristics of the Grevelingen and Veerse 
Meer are different with respect to grain size composition, oxygen content of 
interstitial water, etc. (Van Lent and Verschuure, 1994b). 
Z.marina is able to take up nutrients by roots as well as leaves (Iizumi and 
Hattori, 1982; Short and McRoy, 1984; Hemminga et al., 1991, 1994). Below-
ground biomass of the Veerse Meer population is relatively low (Van Lent and 
Verschuure, 1994a). To meet the nutrient requirements of the Z.marina population 
in the Veerse Meer it is possible that this population is more depending on leaf 
uptake than the Grevelingen population, which has a relatively high below-ground 
biomass, assuming that potential nutrient uptake rates are equal between populations. 
Surface water ammonium and nitrate concentrations were higher in Veerse Meer 
than in Grevelingen (2.1 μΜ NH4 and 0.7 μΜ N0 3 versus 0.7 μΜ NH4 and 0.0 μΜ 
NO], respectively). Short and McRoy (1984) stated that at surface water ammonium 
133 
Chapter five 
concentrations of 2 μΜ and low production rates, potential leaf uptake would exceed 
nitrogen demand. 
Considering the relatively high growth rates of the Veerse Meer population (Van 
Lent and Verschuure, 1994a), in principle part of the nitrogen demand could be met 
by leaf uptake. For the Grevelingen population, nitrogen concentrations in surface-
as well as interstitial water apparently are not sufficient to reach potential above-
ground growth rates and biomass. 
In the growing season, the nitrogen content of tissues from the Veerse Meer 
population is clearly higher than the nitrogen content of tissues from the Grevelingen 
population until August (Van Lent and Verschuure, 1994b). It is possible that the 
Veerse Meer population, contrary to the Grevelingen population, is able to store 
nitrogen in the beginning of the growing season. The accumulated nitrogen could 
then later be used at times of shortage. If this assumption is correct, an effect of 
nitrogen-enrichment is not to be expected in the Veerse Meer, as the nitrogen 
content of the tissues prior to the experiment could have determined the potential for 
growth. The conclusion that the population dynamical characters of the Veerse Meer 
population studied are not limited by nitrogen would remain valid. 
For both Grevelingen and Veerse Meer populations, nitrogen enrichment had no 
significant effect on nitrogen or carbon content of tissues (Tables IVa.b and Va,b), 
implying that storage of nitrogen during the experiment did not occur and the 
nitrogen taken up by roots or leaves immediately was used for growth. 
As Z.marina populations in the Grevelingen only occur down to 2 m depth, light 
cannot be regarded there (or at deeper sites, the water being very clear) as a limiting 
factor for growth under ambient conditions (Van Lent and Verschuure, 1994b). This 
means that the limited supply of nitrogen determines to a certain degree its 
population dynamical characteristics. Especially flowering capacity (number of 
flowering shoots and biomass of generative stems and spathes) seems to be 
influenced. Van Lent and Verschuure (1994c) postulated that flowering might 
involve a higher demand for nitrogen. In contrast, Short (1983b) found a higher 
number of spathes on nitrogen-poor sediments than on nitrogen-rich sediments. The 
nitrogen-poor sites were shallower (1.2 m maximum difference) than the nitrogen-
rich sites, however, and differences in light availability might have influenced the 
results. The effect of nitrogen on flowering of Z.marina has not been subject to 
experimental manipulation as yet. 
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Up to 1984 Z.marina populations in the Grevelingen were known to produce 
flowers frequently and abundantly (Nienhuis and De Bree, 1977, 1980; P.H. 
Nienhuis, personal communication). After 198S flowering showed large fluctuations 
from year to year (Van Lent and Verschuure, 1994b). A possible relationship with 
fluctuating salinities has been suggested, while the present study indicates that the 
amount of inorganic nitrogen available may be of importance for the development 
and abundance of flowering. However, no significant relationship between in situ 
inorganic nitrogen concentrations in interstitial or surface water and in situ number 
of flowering shoots or biomass of generative stems and spathes was found (Van Lent 
and Verschuure, 1994b). 
Below-ground biomass of the Grevelingen population did not show any response 
to nitrogen enrichment (Fig. 2e, Table la), suggesting that the extra nitrogen made 
available was allocated completely to above-ground production and (reproductive) 
biomass. Both above-ground and generative biomass did increase in response to 
nitrogen enrichment (Fig. 2c,d, Table la). Nitrogen limitation, therefore, did not 
seem to have induced the Grevelingen population to make a shift towards a larger 
investment into below-ground structures (with a possible higher vegetative 
production of shoots) as opposed to above-ground (reproductive) tissue in order to 
compensate for the apparent lower prospect of recruitment through flowering. This 
suggestion assumes that the increase in below-ground biomass would have involved 
faster rhizome growth rates, which does not have to be necessarily so. Root biomass 
may have increased instead. This is doubtful however, as indicated by Short 
(1983b), who found a greater root development at low sediment ammonium 
concentrations compared with relatively high sediment ammonium levels, 
presumably to enhance nitrogen uptake. Further research on individual plant level 
concerning resource allocation is recommended, as well as the distinction of below-
ground biomass into rhizome and root biomass. 
The distribution and biomass of Z.marina populations in the Grevelingen has been 
declining rapidly since 198S (L. Apon, unpublished data, 1989; P.H. Nienhuis 
personal communication; F. van Lent, personal observation). Herman et al. 
(submitted) proposed silicon limitation to be the main cause for this dramatic 
decline, which can be ascribed to apparently inadequate growth rates as well as a 
lack of recruitment. Flowering in some recent years did not occur at all (Van Lent 
and Verschuure, 1994a), while it has been reported in the past, especially at greater 
depth (Nienhuis and De Bree, 1980). This implies that recolonisation through 
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seedlings of open spaces in particular will not happen. If above-ground relative 
growth rates are insufficient to sustain below-ground growth and compensate for 
respiration, vegetative spread will also not take place and mortality is enhanced. Our 
study shows that a shortage of available nitrogen sources prevents populations in the 
Grevelingen from reaching their potential growth rates and flowering capacity. 
Although nitrogen supply accounted for not more than 24% of the variance in the 
number of flowering shoots and 14% of the variance in above-ground relative 
growth rate, the nitrogen limitation is likely to intensify the effect of a possible 
silicon limitation. Hence, nitrogen limitation can be regarded as a concomitant factor 
in the decline of the Grevelingen eelgrass populations shown. Inorganic nitrogen 
concentrations in the surface water of the Grevelingen did decline since 1980 
(Holland, 1991). 
Both perennial populations in the Grevelingen and semi-annual populations in the 
Veerse Meer can be considered former intertidal populations, submerged after the 
enclosure of the estuaries (Van Lent and Verschuure, 1994b). Interpretation of 
isozyme patterns showed a genetic similarity of 0.90 between Grevelingen and 
Veerse Meer populations (De Heij and Nienhuis, 1992), while germination and 
growth experiments revealed a genotypic background for morphology and flowering 
(Van Lent and Verschuure, in press). The relative influence of genotypic 
differentiation in the differences among the populations studied remains open for 
discussion, but the impact of environmental factors seems to be of major 
importance. 
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A SIMULATION MODEL FOR GROWTH AND SEASONAL CHANGES IN 
DENSITY, BIOMASS AND C:N RATIO OF POPULATIONS OF ZOSTERA 
MARINA L. (EELGRASS) WITH DD7FERENT LD7E-HISTORY STRATEGD2S 
ABSTRACT. A simulation model for growth and seasonal changes in density, 
above- and below-ground biomass as well as C:N ratio is presented. The 
model was developed using data of both an annual and perennial population of 
Zostera marina L. (eelgrass) occurring in the delta area of the southwestern 
Netherlands. Compared with models described earlier, nitrogen and silicon 
dynamics, generative recruitment and physical disturbance factors have been 
introduced. The interaction between growth and light was also added. The 
model gave a satisfactory explanation for the measured population dynamical 
characteristics of the annual as well as the perennial eelgrass population. The 
likelihood of hypotheses put forward on nitrogen as well as silicon limitation 
of growth and life-history strategy were tested and discussed. Suggestions for 
improvement of the model are given. 
INTRODUCTION 
Seagrass systems are highly productive (McRoy and McMillan, 1977; Zieman and 
Wetzel, 1980) and are considered to be important to coastal marine and estuarine 
ecosystems in sediment stabilization (Fonseca et al., 1982; Harlin et al., 1982), food 
web relationships (Thayer et al., 1984) and carbon and nutrient cycles (Penhale and 
Thayer, 1980; Robertson et al., 1982; Kenworthy et al., 1982; Hemminga et al., 
1991). The so called "wasting disease" of the seagrass Zostera marina L. (eelgrass) 
in the 1930s, which caused a major decline of this species in the North Atlantic 
region, emphasized the significance of seagrass communities to coastal ecosystems 
and generated a large number of studies concerning the structure, function and 
dynamics of seagrasses, especially Z.marina. 
Mathematical modelling can be a useful tool in the theoretical analysis of seagrass 
systems and the environmental management of coastal marine or estuarine 
ecosystems with a significant seagrass component. Ecosystems are complex and the 
synthesis function of mathematical models enables to integrate the many components 
and their reactions in an ecosystem. With thorough ecological knowledge it is 
143 
Chapter six 
possible to recognize the essential ecosystem features that are involved in problems 
under consideration of environmental management. Subsequently, the most important 
factors can form the basis of an ecological model. The resulting model can be used 
to select the environmental technology or legislation best suited for the solution of 
specific environmental problems (torgensen, 1986). Mathematical models on 
eelgrass growth dynamics are available (Short, 1980; Verhagen and Nienhuis, 1983; 
Wetzel and Neckles, 1986; Zimmerman et al., 1987; Bach, 1993), but several 
important features are not incorporated in these models. 
The life-history of Z.marina can range between annual and perennial, along a 
continuum (Jacobs, 1982; Van Lent and Verschuure, 1994a). Annual eelgrass 
populations have no overwintering vegetative parts and have to regenerate every year 
from seeds. Perennial populations may produce a considerable number of seeds as 
well (Van Lent and Verschuure, 1994a). Nevertheless, seed production and 
consequently production of shoots by seeds are missing in the mathematical models 
on Z.marina, which are all designed for perennial populations only. In the 
simulation models describing seasonal changes in growth and distribution of 
eelgrass, nitrogen availability (and consequently a possible nitrogen-limitation for 
growth) has not been considered. Zimmerman et al. (1987) in their model simulate 
light and nitrogen requirements to saturate growth and suggest that in situ nitrogen-
limitation for growth of Z.marina is very unlikely, although reported by several 
authors (Orth, 1977; Short, 1983, 1987; Williams and Ruckelshaus, 1993; Van Lent 
et al., in press). Physical disturbance (grazing by herbivorous birds, damage by a 
combination of macroalgae and wind-generated currents, ice scouring) is known to 
influence the life-history strategy of Z. marina (Robertson and Mann, 1984; Van Lent 
and Verschuure, 1994a), yet, physical disturbance has not been used as a factor in 
any of the models mentioned above. 
Comprehensive studies on eelgrass populations and their habitats in the 
southwestern Netherlands revealed large differences in population dynamics and 
habitat characteristics (Van Lent and Verschuure, 1994a,b). The extensive data set 
offered a unique opportunity to develop a mathematical simulation model on seasonal 
variation in growth and distribution of Z.marina populations with different life-
history strategies. The model would enable us to broaden our view on the combined 
as well as relative effect of an array of environmental factors on growth dynamics 
and distribution of Z.marina populations in the southwestern Netherlands. The 
benefit for environmental management of the eelgrass ecosystems mentioned is 
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evident and of present interest, as in one particular area Z. marina populations have 
been declining since 1985. Nitrogen and silicon requirements for growth, 
recruitment of shoots through seed production and physical disturbance were 
incorporated in the model, because these factors were considered to be important for 
the population dynamics displayed by the eelgrass populations studied. Silicon has 
not been related to eelgrass dynamics before, but Herman et al. (submitted) showed 
a parallel between a decrease of silicate concentrations and the decline of Z. marina 
populations mentioned above. Eelgrass needs silicon for a rigid skeleton, adequate to 
maintain an upright position. Growth limitation for nitrogen as well as silicon was 
indicated for perennial populations (Van Lent et al., in press; Herman et al; 
submitted) in a saline, mesotrophic non-tidal lagoon, while recruitment through seed 
production and physical disturbance factors were considered fundamental for the 
annual populations in a brackish, eutrophic non-tidal lagoon (Van Lent and 
Verschuure, 1994a,b). Phosphorus was not considered a limiting factor for growth 
of Z.marina populations in the southwestern Netherlands (Van Lent and Verschuure, 
1994b) and phosphorus dynamics were therefore not incorporated in the model. Van 
Lent and Verschuure (1994a) stated that eelgrass populations in principle strive 
towards a perennial life-history. The model could be used as an aid in testing the 
likelihood of the hypotheses put forward on nutrient limitation and life-history 
strategy. The model was developed for eelgrass populations ranging in life-history 
from perennial to annual and fitted first with the data of the perennial population and 
then tested with the data of the annual population. 
The presented model is partly based on models developed by Verhagen and 
Nienhuis (1983), Zimmerman et al. (1987) and Bach (1993). 
MATERIAL AND METHODS 
Data of two populations of Z.marina and their habitats were used in the development 
of the model. The populations were located in different non-tidal lagoons of the delta 
area in the southwestern Netherlands (Van Lent and Verschuure, 1994a,b,) (Fig. 1). 
A perennial population was situated in the saline, mesotrophic Grevelingen at a 
depth of 1.25 m. The semi-annual population occurred in the brackish, eutrophic 
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1 : Grevelingen 
2: Veerse Meer 
Fig. 1. The delta area of the southwestern Netherlands (a) and the sites of the populations (b) in the 
Grevelingen (1) and Veerse Meer (2). Data were sampled from May 1987 until June 1989. 
Veerse Meer at a depth of 1.25 m in spring/summer. In every aspect of its life-
history the Veerse Meer population behaved annual, except for the fact that 
occasionally vegetative shoots survived the winter. Hence, the Veerse Meer 
population was considered as semi-annual. For assesment of population dynamical 
and environmental data sampling took place from May 1987 until June 1989. For a 
detailed description of the study sites and sampling, measurement and determination 
of the used data we refer to Van Lent and Verschuure (1994a,b). 
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Fig. 2. Conceptual diagrams of the submodels for production (a), nutrient dynamics (b) and 
recruitment (c). 
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Table I 
List of (state) variables (in alphabetical order). 
Symbol Description Unit 
ABIOM 
ALN 
ALS 
AN 
AMORT 
AMORTS 
ANMORT 
ANP 
APROD 
AS 
ASMORT 
ASN 
ASP 
ASS 
BBIOM 
BLN 
BMORT 
BMORTS 
BN 
BNMORT 
BNP 
BPROD 
BSN 
CMOB 
D 
GPNS 
GPSAG 
Ic 
I. 
к 
MORTN 
NFLS 
above-ground biomass 
above-ground loss in terms of nitrogen 
above-ground loss in terms of silicon 
nitrogen content of above-ground material 
mortality in terms of above-ground biomass 
above-ground mortality rate 
mortality in terms of above-ground nitrogen 
above-ground nitrogen pool 
above-ground production 
silicon content of above-ground material 
mortality in terms of above-ground silicon 
degree of nitrogen saturation of above-ground material 
above-ground silicon pool 
degree of silicon saturation of above-ground material 
below-ground biomass 
below-ground loss in terms of nitrogen 
mortality in terms of below-ground biomass 
below-ground mortality rate 
nitrogen content of below-ground material 
mortality in terms of below-ground nitrogen 
below-ground nitrogen pool 
below-ground production 
degree of nitrogen saturation of below-ground material 
amount of below-ground carbon mobilized for vegetative production 
of new shoots 
intensity depth factor 
generative production of new shoots 
gross potential specific above-ground growth rate 
compensation light intensity 
light intensity determining growth 
saturation light intensity 
mortality in terms of shoot number 
density of flowering shoots 
molC m"2 
molN m'2 day"1 
molSi m'2 day'1 
molN molC' 
molC m"2 day"1 
day"1 
molN m"2 day"' 
molN m"2 
molC m"2 day1 
molSi molC' 
molSi m"2 day"1 
(-) 
molSi m 2 
(-) 
molC m"2 
molN m"2 day"' 
molC m"2 day"1 
day"1 
molN molC' 
molN m"2 day"1 
molN m"2 
molC m"2 day"1 
(-) 
molC m 2 day"1 
m 
nrsh m"2 day"1 
day1 
E m"2 day"1 
E m"2 day"1 
E m"2 day1 
nrsh m"2 day1 
nrsh m"2 
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Table I (continuation) 
NMOB amount of below-ground nitrogen mobilized for vegetative production 
of new shoots 
NPSAG net potential specific above-ground growth rate 
NRSAG net realised specific above-ground growth rate 
NRSBG net realised specific below-ground growth rate 
NSDP number of seeds produced 
РВА apparent above-ground P:B ratio 
PBB apparent below-ground P:B ratio 
PHLB above-ground loss due to physical stress in terms of biomass 
PHLN above-ground loss due to physical stress in terms of nitrogen 
PHLS above-ground loss due to physical stress in terms of silicon 
RECR total recruitment in terms of biomass 
SALR specific above-ground loss rate 
SBLR specific below-ground loss rate 
SD density of seeds 
SDM mortality of seeds 
SMOB amount of below-ground silicon mobilized for vegetative production of 
new shoots 
SS individual above-ground shoot size 
TNS shoot density 
VNH4L ammonium uptake by leaves 
VNH4R ammonium uptake by roots 
VNOjL nitrate uptake by leaves 
VSi02L silicate uptake by leaves 
VPNS vegetative production of new shoots 
molN nr 
day' 
day1 
day1 
nrsd nr2 
day' 
day' 
molC nr 
molN nr 
molSi m 
molC nr 
day' 
day1 
nrsd nr2 
nrsd nr2 
molSi m 
1
 day1 
day1 
!
 day1 
2
 day1 
2
 day1 
1
 day1 
day1 
2
 day1 
molC shoot'1 
nrsh nr2 
molN m" 
molN nr 
molN nr 
molSi m 
nrsh nr2 
2 day' 
2
 day' 
2
 day' 
2
 day2 
day1 
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Table IIa 
List of estimated parameters (in alphabetical order). Description of symbols. 
Symbol Description 
a shoot depth coefficient 
ABCT carbon translocation from above- to below-ground biomass 
APIF physical above-ground impact factor 
AQN minimum nitrogen content of above-ground material 
AQS minimum silicon content of above-ground material 
AmN maximum nitrogen content of above-ground material 
A„S maximum silicon content of above-ground material 
BBIOMS minimum below-ground biomass per shoot 
BPIF physical below-ground impact factor 
BQN minimum nitrogen content of below-ground material 
B„N maximum nitrogen content of below-ground material 
GRA germination rate of seeds 
LO light compensation point at 20 °C 
Ik0 light saturation point at 20 °C 
K,NH4L half-saturation constant for ammonium uptake by leaves 
K,NH4R half-saturation constant for ammonium uptake by roots 
K,N03L half-saturation constant for nitrate uptake by leaves 
K,Si02L half-saturation constant for silicate uptake by leaves 
kT Michaelis constant for temperature 
MGPSAG maximum gross potential specific above-ground growth rate 
MINABS minimum above-ground biomass per shoot 
MINM minimum mortality rate 
MSALR specific above-ground loss rate at 20 °C 
MSBLR specific below-ground loss rate at 20 °C 
MVPNS maximum specific vegetative production rate of new shoots 
NCA nitrogen limitation coefficient for above-ground growth 
NCB nitrogen limitation coefficient for below-ground growth 
NGR ratio between net and gross production 
PDF physical disturbance mortality rate 
SCA silicon limitation coefficient for above-ground growth 
SDPS seed production per flowering shoot 
SFM mortality size factor 
SSgF minimum above-ground shoot size at which shoots flower 
SSBF maximum above-ground shoot size at which shoots flower 
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Table IIa (continuation) 
SMR mortality rate of seeds 
T„ watertemperature below which no shoots are vegetatively produced 
TgS watertemperature below which no seedlings arise 
V B NH 4 L maximum uptake rate of ammonium by leaves 
V
m
NH 4 R maximum uptake rate of ammonium by roots 
V„NO]L maximum uptake rate of nitrate by leaves 
V
m
S i 0 2 L maximum uptake rate of silicate by leaves 
6 amplification factor 
с
 temperature coefficient for light compensation point 
, temperature coefficient for growth 
к
 temperature coefficient for light saturation point 
, temperature coefficient for respiration 
λ extinction of wave motion 
<r, above-ground biomass above which n o seedl ings arise 
σ
ν
 above-ground biomass above which n o shoots are vegetatively produced 
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Table lib 
List of estimated parameters (in alphabetical order). 
Actual values, initial ranges, units and references. GR, Grevelingen; VM, Veerse Meer; с, calibrated; 
f, field data Van Lent (1987, 1988, 1989); t, tentative; 1, McRoy (1974); 2, Iizumi and Hattori 
(1982); 3, Thursby and Harlin (1982); 4, Verhagen and Nienhuis (1983); 5, Dennison and Alberte 
(1985); 6. Dennison (1987); 7, Bach (1993); 8, Van Lent and Verschuure (1994a); 9, Van Lent and 
Verschuure (1994b). 
Symbol Act. value Init. range Unit Ref 
a 
ABCT 
APIF GR 
VM 
A„N 
AoS 
A
m
N 
i\,S 
BBIOMS 
BPIF GR 
VM 
B„N 
B
ra
N 
GRA 
ν 
LO 
K,NH4L 
K,NH4R 
K,N03L 
K,Si02L 
kT 
MGPSAG 
MINABS 
MINM 
MSALR 
MSBLR 
MVPNS 
NCA 
NCB 
1.9 
0.27 
0 
0.25 
0.025 
0.01 
0.1 
0.05 
0.0002 
0 
0.75 
0.018 
0.056 
0.05 
4.7 
11.9 
12.9*10* 
2.87*10* 
26.2*10* 
0.16 
3 
0.12 
86.8*10* 
0.003 
0.008 
0.0009 
0.001 
0.1 
0.7 
1.0-2.0 
0.15-0.30 
0.1-0.9 
0.5-2.0 
0.01-0.05 
2.0-7.0 
10.0-15.0 
l*10-*-15*10* 
иіС-гомо* 
10*10-6-75*10-* 
0.1-0.5 
0.11-0.15 
10+lOMOOMO6 
0.001-0.005 
0.001-0.05 
0.0002-0.001 
0.001-0.003 
m
2
 molC' 
(-) 
(-) 
(-) 
molN molC' 
molSi molC' 
molN molC 
molSi molC'1 
molC shoot'1 
(-) 
(-) 
molN molC'1 
molN molC' 
day' 
Ε п
 2
 day1 
E m J day1 
M 
M 
M 
M 
°c 
day' 
molC shoot'1 
day1 
day1 
day1 
day1 
(-) 
(-) 
c,t 
С 1,4,7 
f,8 
c.t 
f,9 
t 
f,9 
t 
4 
f.8 
c,t 
f,9 
f,9 
c.f.t 
c.5,6 
c,5,6 
C.3 
с 
с 
c,t 
4 
c.8,4,7 
c,t,4 
c.t 
c,t 
c.t 
c,t,f,4 
t 
t 
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Table lib (continuation) 
NGR 
PDF 
SCA 
SDPS 
SFM 
SS„F 
SSJF 
SMR 
To 
ToS 
V„NH4L 
GR 
VM 
V
m
NH4R GR 
V
m
N03L 
V
m
Si02L 
5 
с 
. 
к 
θ, 
λ 
<*• 
σ» 
VM 
0.9 
0 
0.11 
0.5 
0.06 
0.002 
1 
4.4 
0.005 
4 
9 
0.007 
0.0002 
0.002 
0.01 
0.001 
0.007 
1.17 
1.1 
1.04 
1.1 
1.2 
1.6 
4.1 
0.01-0.5 
0.05-0.5 
0.0001-0.01 
1.5-5.0 
7-10 
0.001-0.01 
0.0001-0.0005 
0.0001-0.01 
0.005-0.05 
0.001-0.05 
0.001-0.02 
1.0-2.0 
1.0-5.0 
(-) 
day"1 
day"1 
(-) 
nrsd shoot'1 day"1 
rnolC"1 day1 
molC shoot"1 
molC shoot"1 
day1 
°C 
°C 
molN molC1 day1 
molN molC"1 day · 
molN molC"1 day1 
molN molC' day1 
molSi molC1 day1 
day1 
(-) 
(-) 
(-) 
(-) 
m"
1 
molC m2 
molC m"2 
t 
f.8 
c,t 
t 
cf.t 
c,t 
f.t 
Cf 
f.t 
f 
c,f,t 
c,3 
c,t 
c,2 
c.t 
c,t 
C.4 
7 
4 
7 
t,4,7 
c,t,4 
t 
c,4 
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Table III 
List of forcing functions (in alphabetical order). The forcing functions are 
1987 and 1988 (cf. Van Lent and Verschuure, 1994b). 
Symbol Description 
H depth 
Io surface irradiance 
к extinction coefficient 
NH4I ammonium concentration in interstitial water 
NH4W ammonium concentration in surface water 
NO3W nitrate concentration in surface water 
PHYS relative intensity of physical disturbance 
Si02W silicate concentration in surface water 
Τ watertemperature 
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MODEL DESCRIPTION 
The model aims to describe specific above- and below-ground growth rate (day1) 
and production (molC m'2 day1), as well as seasonal changes in number of shoots 
(nrsh m"2), above- and below-ground biomass (molC m"2) and C:N (atomic) ratio of 
a perennial and annual eelgrass population. Several submodels were developed: 
production, silicon dynamics, nitrogen dynamics, recruitment and mortality. A 
conceptual diagram is given in Fig. 2a-c. The model was implemented in SENECA 
2.0 (De Hoop et al., 1993). 
The estimation of the initial values was based on measured values after which one 
complete year was calculated. Subsequently, the next two years, as presented in this 
paper, were computed. The results were considered to be relatively independent 
from the initial values. 
For parameter estimation either an initial range or a decided parameter was used, 
based on literature values, field data and/or assumptions. The calibration procedure 
used in SENECA 2.0 is comparable with the so called method of simulated 
annaeling and reduces the problem of parameter optimization to optimizing (finding 
minimum values of) an object function. A quantitative measure for the agreement 
between model results and field data represents this object function. Thus, the best 
model performance is described by the lowest value for the goodness of fit. The 
parameter ranges can be seen to overlimit a subspace in a vector space of m 
dimensions. The model is evaluated with a fixed number of randomly drawn 
parameter vectors from the parameter space. The aim of the parameter estimation 
method is to find the parameter vector for which the fit of the model to the data is 
optimal, avoiding local minima. In the process the worst fitting vector is replaced by 
any new and better one. In this way, the parameter space from which the well-fitting 
vectors are drawn becomes further and further reduced until the lowest value for the 
model goodness of fit is reached. For further details we refer to De Hoop et al. 
(1993). 
The calibration of the model was first carried out with the data set of the 
Grevelingen and subsequently the data set for the Veerse Meer was applied. Hence, 
to a certain degree the data set for the Veerse Meer was used in the validation of the 
model. (State) variables, estimated parameters and forcing functions with symbols, 
ranges, values, units and references if appropriate, are given in Table I, Ila.b and 
III, respectively. 
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The symbols nrsh for number of shoots and nrsd for number of seeds are used 
throughout the text. 
Production 
A gross potential specific above-ground growth rate is formulated and subsequently a 
net potential specific above-ground growth rate by excluding growth dependent 
respiration. Incorporating the effect of internal silicon and nitrogen saturation and 
the effect of biomass dependent respiration, finally above- and below-ground 
production are defined. Loss of growth through physical stress induced by wind-
generated currents and waves is given and expressed in loss of silicon and nitrogen. 
Gross potential specific above-ground growth rate (GPSAG, day') 
Light, temperature and a theoretical maximum gross potential specific above-ground 
growth rate are considered to be factors determining a gross potential specific above-
ground growth rate. The functions for light and temperature are taken from 
Verhagen and Nienhuis (1983) and Bach (1993). Contrary to Verhagen and Nienhuis 
(1983), it is assumed that the light intensity determining growth increases with the 
above-ground biomass, as eelgrass leaves grow to the surface (assuming that 
increase of shoot size is directly proportional to an increase of above-ground 
biomass). 
GPSAG=MGPSAG*F(UGHT)*F{TEMPG) Ш 
where GPSAG gross potential specific above-ground growth rate (day1) 
MGPSAG maximum gross potential specific above-ground growth rat (day"1) 
F(LIGHT) light limitation function for growth (-) 
-0 for It<Ic 
F(UGHT)=-¿-í forlts.I<Ik (11) 
-1 for Igilt 
where Ig light intensity determining growth (E m2 day"1) 
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where IQ surface irradiance (E m"2 day') 
к extinction coefficient (m"1) 
D intensity depth factor (m) 
where H depth (m) 
a shoot depth coefficient (m2 molC"1) 
ABIOM above-ground biomass (molC nv2) 
I
c
 compensation light intensity (E m"2 day1) 
where I
c
0 light compensation point at 20°C (E nv2 day') 
с
 temperature coefficient for light compensation point (-) 
Τ water temperature (°C) 
Ik saturation light intensity (E nv2 day1) 
IrIfl*Ç" (1.1.3) 
where Ik0 light saturation point at 20°C (E m2 day1) 
к
 temperature coefficient for light saturation point (-) 
F(TEMPG) temperature limitation function for growth (-) 
FÇTEMPG)-e>l~* (i·2) 
where Qt temperature coefficient for growth (-) 
(1.1.1) 
(1.1.1.1) 
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Net potential specific above-ground growth rate (NPSAG, day'1) 
A net potential specific above-ground growth rate is calculated by excluding 
respiration (growth rate dependent) from the gross potential specific above-ground 
growth rate. 
NPSAG=GPSAG*NGR (2) 
where NPSAG net potential specific above-ground growth rate (day1) 
NGR ratio between net and gross production (-) 
Net realised specific below-ground growth rate (NRSBG, day'1) 
The realised specific below-ground growth rate is determined by. the net potential 
specific above-ground growth, the part of carbon fixed (net) by above-ground 
biomass and translocated to below-ground biomass and the internal below-ground 
nitrogen content relative to its upper and lower limits (Zimmerman et al., 1987). 
NRSBG'NPSAG*ABCT*BSNNC' <Э) 
where NRSBG net realised specific below-ground growth rate (day1) 
ABCT carbon translocation from above- to below-ground biomass (-) 
BSN degree of nitrogen saturation of below-ground material (-) 
BSN* 
BN-BJJ 
"BJTB^ 
(3.1) 
where BN nitrogen content of below-ground material (molN molC1) 
BQN minimum nitrogen content of below-ground material 
(molN molC1) 
B
m
N maximum nitrogen content of below-ground material 
(molN molC1) 
NCB nitrogen limitation coefficient for below-ground growth (-) 
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Net realised specific above-ground growth rate (NRSAG, day') 
A net realised specific above-ground growth rate is left when the net realised 
specific below-ground growth rate is excluded from the net potential specific above-
ground growth rate. Subsequently, the net realised above-ground growth rate is 
determined by the degree of internal above-ground silicon and nitrogen saturation. 
NRSAG=(NPSAG-NRSBG) *ASNNCA *ASS *=* <4) 
where NRSAG net realised specific above-ground growth rate (day1) 
ASN degree of nitrogen saturation of above-ground material (-) 
where AN 
A„N 
AmN 
ASN· AN-AJf 
'AJÍ-AJÍ 
nitrogen content of above-ground material (molN molC') 
minimum nitrogen content of above-ground material 
(molN molC1) 
maximum nitrogen content of above-ground material 
(molN molC1) 
(4.1) 
ASS 
where AS 
AoS 
An.S 
degree of silicon saturation of above-ground material (-) 
AS-AJ 
ASS· - £ -
AJ5-AJ 
silicon content of above-ground material (molSi moie1) 
minimum silicon content of above-ground material 
(molSi moie1) 
maximum silicon content of above-ground material 
(molSi mole1) 
(4.2) 
NCA nitrogen limitation coefficient for above-ground growth (-) 
SCA silicon limitation coefficient for above-ground growth (-) 
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Specific above- and below-ground loss rate (SALR and SBLR, day'1) 
The specific above- and below-ground loss rate (biomass dependent respiration) are 
considered to be only temperature-dependent. 
SALR=MSALR*F(TEMPL) (5) 
SBLR=MSBLR*F(TEMPL) 
where SALR specific above-ground loss rate (day1) 
SBLR specific below-ground loss rate (day') 
MSALR specific above-ground loss rate at 20 °C (day1) 
MSBLR specific below-ground loss rate at 20 °C (day1) 
FfTEMPL) temperature function for respiration (-) 
FiTEMPD'B™ 
where Θ, temperature coefficient for respiration (-) 
(6) 
(5.1/6.1) 
Above-ground loss in terms of silicon (ALS, molSi tri2 day'1) and nitrogen (ALN, 
molNm'2 day') and below-ground loss in terms of nitrogen (BLN, molNm2 day'1) 
ALS=SALR*ABIOM*AS (7) 
ALN=SALR*ABIOM*AN (8) 
BLN=SBLR+BBIOM+BN 
where ALS above-ground loss in terms of silicon (molSi m"2 day1) 
ALN above-ground loss in terms of nitrogen (molN m"2 day1) 
BLN below-ground loss in terms of nitrogen (molN m2 day"1) 
BBIOM below-ground biomass (molC nv2) 
(9) 
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Above- and below-ground production (APROD and BPROD, molC m2 day'1) 
Below-ground production is considered to be determined by the above-ground 
biomass present. 
APROD=(NRSAG-SALK)*A£IOM (10) 
BPROD=NRSBG*ABIOM ( Ш 
where APROD above-ground production (molC m"2 day"1) 
BPROD below-ground production (molC m"2 day"1) 
Above- and below-ground apparent P:B ratio (РВА and PBB, day') 
For comparison with measured and calculated data on in situ specific growth rates, 
apparent P:B ratios are formulated. These include respiration, but exclude loss of 
leaves. 
pBAxAPROD ( 1 2 ) 
ABIOM 
PBB=BPROD (13) 
BBIOM 
where РВА apparent above-ground P:B ratio (day"1) 
PBB apparent below-ground P:B ratio (day1) 
Above-ground loss due to physical stress (PHLB, day'') 
Above-ground eelgrass shoots are affected by physical stress, e.g. wind-generated 
currents and waves (Verhagen and Nienhuis, 1983). It is assumed that the physical 
above-ground growth loss is proportional to the above-ground biomass. 
PHLB=ABIOM*F(WAVE) (H) 
where PHLB above-ground loss due to physical stress (molC m2 day"1) 
F(WAVE) wave limitation function (day"1) 
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F{WAVE)=b*(\+e-l,B) < 1 4 1 ) 
where S amplification factor (day1) 
λ extinction of wave motion (m"1) 
Above-ground loss due to physical stress in terms of silicon (PHLS, molSi m'2 day'1) 
and nitrogen (PHLN, molN m'2 day'1) 
PHLS=PHLB*AS (!5) 
PHLN=PHLB*AN UQ 
where PHLS above-ground loss due to physical stress in terms of silicon 
(molSi nr2 day1) 
PHLN above-ground loss due to physical stress in terms of nitrogen 
(molN nr2 day') 
Silicon dynamics 
Silicon uptake by leaves is described. Silicon uptake by roots is assumed to be 
irrelevant, because below-ground growth is considered not to be limited by silicon. 
Silicon uptake by leaves (VSiO¿, molSi m'2 day'1) 
The uptake of silicon by leaves is determined by the above-ground biomass present 
and is assumed to be explained by the Michaelis-Menten equation and to be inhibited 
by the degree of silicon saturation of above-ground material. 
VSíOIL=AB/OA/*V_SíOtL* *(1-ASS) (17) 
where VSi02L silicon uptake by leaves (molSi m"2 day"1) 
VmSi02L maximum uptake rate of silicon by leaves (molSi molC1 day"1) 
Si02W silicon concentration in surface water (M) 
K,Si02L half-saturation constant for silicon uptake by leaves (M) 
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Nitrogen dynamics 
Ammonium and nitrate uptake by leaves, as well as ammonium uptake by roots is 
described. Nitrate uptake by roots is assumed negligible. 
Ammonium uptake by leaves (VNH¿,, molN m'2 day'1) 
The uptake of ammonium by leaves is represented by the Michaelis-Menten equation 
and considered to be inhibited by the size of the internal nitrogen quota relative to 
its upper and lower limits (Zimmerman et al., 1987). Furthermore, the uptake of 
ammonium by leaves is directly proportional to the amount of above-ground biomass 
present. 
NU W 
VNHJ.=ABIOM*VNHJL* *(1-ASN) (18) 
^ - 4- NHtW+KJfHfL 
where VNH4L ammonium uptake by leaves (molN m'2 day'1) 
VmNH4L maximum uptake rate of ammonium by leaves 
(molN molC1 day1) 
NH4W ammonium concentration in surface water (M) 
K,NH4L half-saturation constant for ammonium uptake by leaves (M) 
Nitrate uptake by leaves (VNO/,, molN m'2 day'1) 
The uptake rate of nitrate by leaves is described in the same way as the ammonium 
uptake. However, because eelgrass leaves have a preference for ammonium 
(Thursby and Harlin, 1982; Short and McRoy, 1984; Hemminga et al., 1994) and 
uptake of nitrate by leaves shows inhibition by ammonium (Zimmerman, 1987), the 
leaf uptake of nitrate is considered to be more limited and to have a higher cost of 
energy. Therefore, leaf nitrate uptake is inhibited by the degree to which ammonium 
uptake by leaves was saturated and the ratio of the gross potential above-ground 
growth rate and maximum gross potential above-ground growth rate. 
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VNo¡L,vN„4L.I^n.5¿E£ "°>w .°™° α» 
r r
 VmNH¿ NH4W NOjW+K/fOJ, MGPSAG 
where VN03L nitrate uptake by leaves (molN m"2 day') 
VJUNOJL maximum uptake rate of nitrate by leaves (molN moIC"1 day'1) 
NO3W nitrate concentration in surface water (M) 
K,NO]L half-saturation constant for nitrate uptake by leaves (M) 
Ammonium uptake by roots (VNHJi, molNm2 day'1) 
In principle the ammonium uptake by roots is formulated identical to the ammonium 
uptake by leaves. To account for the assumed higher energy cost, the ratio between 
gross potential specific above-ground growth rate and maximum gross potential 
above-ground growth rate is added. Although only roots can take up nutrients, the 
fraction of roots from the total below-ground biomass (roots plus rhizomes) is 
unknown and therefore, in the equation the total below-ground biomass is used. 
VNHáR=BBTOM*VmNHJt* - «(l-ДЦ )* GPSÁG (20) 
r
 " ^ NHJ*K/IHJL MGPSAG 
where VNH4R ammonium uptake by roots (molN m"2 day'1) 
VmNH4R maximum uptake rate of ammonium by roots (molN moIC' day'1) 
NH4I ammonium concentration in interstitial water (M) 
Κ,ΝΗ,Κ half-saturation constant for ammonium uptake by roots (M) 
Recruitment 
For Z.marina both vegetative and generative production of new shoots is possible. 
The cost in terms of carbon and nitrogen is defined. 
Vegetative production of new snoots (VPNS, nrsh m'2 day'1) 
The vegetative production of new shoots (growing of lateral shoots from rhizomes) 
is regulated by a theoretical maximum value, temperature (Verhagen and Nienhuis, 
1983), above-ground biomass (Verhagen and Nienhuis, 1983) and below-ground 
164 
A simulation model for population dynamical characteristics 
biomass. The above-ground biomass present is considered to be an important 
limitation factor due to the diminishing of available light (self-shading). The rhizome 
limitation function indicates the amount of below-ground biomass in principle 
available for the production of new shoots. 
VPNS=MVPNS *F(TEMPV) *F(BIOMV) *F(RHIZ) (21) 
where VPNS vegetative production of new shoots (nrsh m"2 day"') 
MVPNS maximum specific vegetative production rate of new shoots 
(day1) 
F(TEMPV) temperature limitation function for the vegetative production of 
new shoots (-) 
Д Ш №
"
=
^
 М
™> (21.1) 
F(TEMPV)*0 for T<T0 
where T0 temperature below which no shoots are vegetatively produced 
CO 
kT Michaelis constant for temperature (°C) 
F(BIOMV) above-ground biomass limitation function for the vegetative 
production of new shoots (-) 
ПВЮМ )-\-{±ЕШ) /orABIOMso, 
«0 for ABIOM>ay 
where σ
ν
 above-ground biomass above which no shoots are vegetatively 
produced (molC m2) 
F(RHIZ) potential number of shoots to be produced from available below-
ground biomass (nrsh m"2) 
nRHIZ),BBioM-(ms*BBious) ( 2 1 3 ) 
BBIOMS 
where TNS shoot density (nrsh m"2) 
BBIOMS minimum below-ground biomass per shoot (molC shoof') 
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Amount of below-ground silicon (SMOB, molSi m2 day1) and nitrogen (NMOB, 
molNm'2 day') mobilized for vegetative production of new shoots 
The upper limit for silicon and nitrogen content in above-ground biomass is 
considered to be needed for vegetative production of new shoots. 
SMOB=VPNS*MINABS*A
m
S (22) 
NMOB=VPNS*MINABS*A
m
N (23) 
where MINABS minimum above-ground biomass per shoot (molC shoot:1) 
SMOB amount of below-ground silicon mobilized for vegetative 
production of new shoots (molSi m2 day1) 
NMOB amount of below-ground nitrogen mobilized for vegetative 
production of new shoots (molN m*2 day"1) 
Amount of below-ground carbon mobilized for vegetative production of new shoots 
(CMOB, molC m'2 day') 
The ratio of the mobilized below-ground nitrogen and actual below-ground nitrogen 
content is assumed to determine the amount of below-ground carbon mobilized. Not 
all this carbon goes to the new shoots produced: some is lost in metabolic processes 
needed to turn below-ground material with low nitrogen content into above-ground 
material with high nitrogen content. 
СМОВ=Ш°* (24) 
BN 
where CMOB amount of below-ground carbon mobilized for vegetative 
production of new shoots (molC m"2 day'1) 
Generative production of new shoots (GPNS, nrsh m'2 day') 
The generative production of new shoots is determined initially by the number of 
shoots flowering and subsequently the seed production. Mortality of seeds will 
dictate the number of seeds available for germination in the spring of the following 
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year. In the model, the seedbank has only been made available for germination after 
the intermediate winter period. 
The number of flowering shoots is established by the fraction of the total number 
of shoots that will flower, which is made dependent on the above-ground size of the 
shoot relative to the upper and lower limits of above-ground shoot size at which 
onset of flowering has been noticed. 
NFLS=TNS*F(FLOW) (2S> 
where NFLS density of flowering shoots (nrsh m"2) 
F(FLOW) flowering limitation function (-) 
¡XFLOW)--SS-SSf 
SSuF-SS,f 
-1 
for SS<SS„F 
for SSf<SS<SSJ 
for SSiSS^F 
(25.1) 
where SS individual above-ground shoot size (molC shoot"1) 
ΛΒΙΟΜ 
ss· 
ms 
(25.1.1) 
SSoF 
SS
m
F 
minimum above-ground shoot size at which shoots start to flower 
(molC shoor1) 
maximum above-ground shoot size at which shoots start to flower 
(molC shoot1) 
NSDP=NFLS*SDPS (26) 
where NSDP number of seeds produced (nrsd m"2 day"1) 
SDPS seed production per flowering shoot (nrsd shoof1 day') 
SDM=SMR*SD (27) 
where SDM 
SMR 
SD 
mortality of seeds (nrsd m"2 day1) 
mortality rate of seeds (da/1) 
density of seeds (nrsd m2) 
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The successful development of seedlings depends largely on the number of seeds that 
germinate and, like for the vegetative production of new shoots, on the amount of 
above-ground biomass present. The number of seeds that will germinate is limited 
by the actual seed density, germination rate and water temperature. 
GPNS=F{GERM)*F(BIOMS) (28) 
where GPNS generative production of new shoots (nrsh m 2 day') 
F(GERM) germination limitation function (nrsd m 2 day') 
F{GEKM)=SD*GRA for TiT£
 ( 2 g „ 
-0 for T<T£ 
where GRA germination rate of seeds (day1) 
TQS watertemperature below which no seedlings arise (°C) 
F(BIOMS) above-ground biomass limitation function for the generative 
production of new shoots (-) 
at (28.2) 
-0 for ABIOM>o, 
where σ, above-ground biomass above which no seedlings arise (molC m"2) 
It is further assumed that the number of seeds in the sediment decreases by 
germination rate. If establishment of a succesful seedling is impossible due to 
limitation by above-ground biomass, this seed is lost to the population. 
Total recruitment in terms of biomass (RECR, molC m'2 day'1) 
RECR=(VPNS+GPNS)*MINABS (2 9> 
where RECR total recruitment in terms of biomass (molC m 2 day"1) 
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Mortality 
Factors determining the mortality rate are described and finally the mortality in 
terms of biomass and shoot number is formulated. 
Above- and below-ground mortality rate (AMORTS and BMORTS, day') 
The factors involved in the mortality rate are a theoretical minimum mortality and 
the size of the shoot. As considerable physical disturbance by herbivory of birds and 
macroalgae occurs in the Veerse Meer, the manifestation period and significance 
(relative intensity) plus a physical disturbance mortality rate and an above- and 
below-ground impact factor are added. These factors are assumed zero for the 
Grevelingen (Van Lent and Verschuure, 1994a). 
AMORTS=MINM+(SS*SFM)+(PHYS*PDF*APIF) (30) 
BMORTS=MINM+(SS*SFM) +(PHYS*PDF*BPIP) Ш) 
where AMORTS above-ground mortality rate (day1) 
BMORTS below-ground mortality rate (day1) 
МЕЧМ minimum mortality rate (day1) 
SFM mortality size factor (molC1 day"1 shoot) 
PHYS relative intensity of physical disturbance (-) 
PDF physical disturbance mortality rate (day1) 
APIF physical above-ground impact factor (-) 
BPIF physical below-ground impact factor (-) 
Mortality in terms of above- and below-ground biomass (AMORT and BMORT, 
molC m'2 day'), above-ground silicon (ASMORT, molSi m'2 day') and above- and 
below-ground nitrogen (ANMORTand BNMORT, molNm'2 day') 
AMORT-ABIOM*AMORTS (32) 
BMORT=BBIOM* BMORTS (33) 
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ASMORT=AMORT*AS (34) 
ANMORT=AMORT*AN (35) 
BNMORT=BMORT*BN (36> 
where AMORT mortality in terms of above-ground biomass (molC m2 day"1) 
BMORT mortality in terms of below-ground biomass (molC m"2 day"1) 
ASMORT mortality in terms of above-ground silicon (molSi m'2 day') 
ANMORT mortality in terms of above-ground nitrogen (molN m"2 day'1) 
BNMORT mortality in terms of below-ground nitrogen (molN m"2 day"1) 
Mortality in terms of shoot number (MORTN, nrsh m'2 day'1) 
MORTN=TNS*AMORTS (37> 
Changes in above- and below-ground biomass, density of shoots and seeds, 
above-ground silicon and above- and below-ground nitrogen 
Change in above-ground biomass: 
^
AB
^^=APROD+RECR-PHLB-AMORT (38) 
dt 
Change in below-ground biomass: 
^^-^BPROD-CMOB-BMORT (39) 
dt 
Change in density of shoots: 
412®=VPNS+GPNS-MORTN (40) 
dt 
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Change in density of seeds: 
— =mDP-SDM-F(GERM) (41) 
it 
Change in above-ground silicon pool: 
^^=VSiO^L+SMOB-AL5-PHLS-ASAiORT (42) 
dt 
where ASP above-ground silicon pool (molSi m'2) 
Change in above-ground nitrogen pool: 
4à!!P.=VNHtL+VN03L+NMOB-ALN-PHLN-ANMORT (43) 
where ANP above-ground nitrogen pool (molN nr2) 
Change in below-ground nitrogen pool: 
m^^VNHJt-BLN-NMOB-BNMORT (44) 
where BNP below-ground nitrogen pool (molN nr2) 
RESULTS 
In principle the developed model is calibrated with the data set of the perennial 
Grevelingen population and validated with the data set of the annual Veerse Meer 
population. For the Veerse Meer population, however, some estimated parameters 
(Table ПЬ) were adjusted due to the annual habit of the population. Furthermore, in 
the calibration for the best goodness of fit of the model for the Veerse Meer one 
essential parameter (maximum uptake rate of ammonium by roots (V,„NH4R)) had to 
be changed and was calibrated one order of magnitude higher compared with the 
value for the Grevelingen population. 
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Fig. 3. Above- (a) and below-ground (b) P:B ratio (day1), above- (c) and below-ground (d) 
production (molC m"2 day1), above- (e) and below-ground (f) biomass (molC m2), above- (g) and 
below-ground (h) C:N ratio and shoot density (i) (nrsh nr2) of the Grevelingen population. Solid line: 
model simulation, markers: measured data. 
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Fig. 4. Above- (a) and below-ground (b) P:B ratio (day1), above- (c) and below-ground (d) 
production (molC m~z day"1), above- (e) and below-ground (f) biomass (molC m2), above- (g) and 
below-ground (b) C:N ratio and shoot density (i) (nrsh m'2) of the Veerse Meer population. Solid line: 
model simulation, markers: measured data. 
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Fig. S. The sensitivity of the model to changes in parameter values for above- (a) and below-ground 
(b) P:B ratio (day1), above- (c) and below-ground (d) production (molC m"2 day1), above- (e) and 
below-ground (f) biomass (molC m"2), above- (g) and below-ground (h) C:N ratio and shoot density 
(i) (nrsh m2) of the Grevelingen population. The solid lines represent percentiles (0, 5, SO, 95 and 
100, respectively). 
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Fig. б. Above- (a) and below-ground (b) P:B ratio (day1), above- (c) and below-ground (d) 
production (molC m 2 day1), above- (e) and below-ground (f) biomass (molC nr2), above- (g) and 
below-ground (h) C:N ratio and shoot density (i) (nrsh m2) of the Grevelingen population with and 
without nitrogen limitation. Solid line: model simulation without nitrogen limitation, dashed line: 
nominal model simulation, markers: measured data. 
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Fig. 7. Above- (a) and below-ground (b) P:B ratio (day1), above- (c) and below-ground (d) 
production (molC тг day1), above- (e) and below-ground (f) biomass (molC nr2), above- (g) and 
below-ground (h) C:N ratio and shoot density (i) (nrsh m'2) of the Grevelingen population with and 
without silicon limitation. Solid line: model simulation without silicon limitation, dashed line: nominal 
model simulation, markers: measured data. 
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Fig. 8. Above- (a) and below-ground (b) P:B ratio (day1), above- (c) and below-ground (d) 
production (molC m'2 day"1), above- (e) and below-ground ( 0 biomass (molC ta1), above- (g) and 
below-ground (h) C:N ratio, shoot density (i) (nrsh m2) and vegetative shoot production (j) (nrsh m 2 
day'1) of the Veerse Meer population with and without physical disturbance. Solid line: model 
simulation without physical disturbance, dashed line: nominal model simulation, markers: measured 
data. 
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For the Grevelingen population, a moderate to good fit was obtained between 
measured and calculated data of above- and below-ground specific growth rate (Fig. 
3a,b) and production (Fig. 3c,d), above-ground biomass (Fig. 3e) and C:N ratio 
(Fig. 3g) and density of shoots (Fig. 3i). The described seasonal timing for the 
below-ground specific growth rate was not very accurate, while the model could not 
describe the changes in below-ground biomass (Fig. 3f) and C:N ratio (Fig. 3h). 
A relatively large number of estimated parameters were used in the model (Table 
Ila.b). To reveal a possible correlation between the estimated parameters and the 
goodness of fit of the model as well as any mutual correlations between the 
parameters, a correlation analysis was performed. 
Only calibrated parameters were tested (Table lib). The goodness of fit of the model 
was not significantly correlated with any of the 21 (out of 49) tested parameters 
taken separately. Among parameters, 18% significant (positive or negative) 
correlations were found. Of these significant correlations, 62% involved nutrient 
uptake parameters (Table IV). 
For the Veerse Meer population, a satisfactory fit between measured and 
calculated data was obtained for above-ground specific growth rate (Fig. 4a), 
production (Fig. 4c), biomass (Fig. 4e) and C:N ratio (Fig. 4g) and the density of 
shoots (Fig. 4i). In general the below-ground characteristics (Fig. 4b,d,f,h) could 
not be described very well by the model. 
For features of both the Grevelingen and Veerse Meer population the simulation 
often did not reach the extreme values measured (in particular the maxima). 
The sensitivity of the model to changes in parameter values was analysed with the 
21 parameters used in the correlation matrix. The analysis was based on the effect of 
a change in a parameter: each used parameter was varied +10% and -10% of its 
nominal value. 100 parameter combinations were randomly and independently tested. 
The results are probability density functions (Fig. 5a-i, Grevelingen) presented as 
percentiles (0, 5, 50, 95 and 100, respectively). There is a clear difference in 
sensitivity of various state variables to changes in parameters. Above-ground C:N 
ratio (Fig. 5g) is quite stable, while below-ground biomass (Fig. 5f) and density of 
shoots (Fig. 5i) are rather sensitive. 
A possible nitrogen as well as silicon limitation was mentioned for perennial 
Grevelingen population (Van Lent et al., in press; Herman et al., submitted). Both 
184 
A simulation model for population dynamical characteristics 
theories were analysed with the model by excluding the limitation factors for 
ammonium, nitrate or silicon uptake (NCA, NCB, SCA, Table lib). In this way, 
growth was disconnected from nitrogen or silicon uptake. 
Simulation without nitrogen limitation had a positive effect on below-ground 
relative growth rate (Fig. 6b), production (Fig. 6d), biomass (Fig. 6f) and C:N ratio 
(Fig. 6h) and the density of shoots (Fig. 6i). The above-ground relative growth rate 
(Fig. 6a), production (Fig. 6c) and biomass (Fig. 6e) were less clearly affected. 
Simulation without silicon limitation had a positive effect on above-ground relative 
growth rate (Fig. 7a) and production (Fig. 7c), below-ground production (Fig. 7d), 
above- and below-ground biomass (Fig. 7e,f) and above-ground C:N ratio (Fig. 7g). 
A general negative effect was shown on the below-ground relative growth rate (Fig. 
7b) and the density of shoots (Fig. 7i). 
Van Lent and Verschuure (1994a) postulated the idea that Z. marina in principle 
strives towards a perennial life-history, while life-histories of the species can range 
between two extremes (annual and perennial) along a continuum (Jacobs, 1982; Van 
Lent and Verschuure, 1994a). This theory was tested by excluding the physical 
disturbance factors from the model for the semi-annual Veerse Meer population. 
Simulation without physical disturbance had a positive effect on the above- and 
below-ground production (Fig. 8c,d), above- and below-ground biomass (Fig. 8e,f) 
and density of shoots (Fig. 8i). The below-ground relative growth rate (Fig. 8b) and 
C:N ratio (Fig. 8h) were slightly negatively affected. The vegetative production of 
new shoots (Fig. 8j) was clearly enhanced. 
DISCUSSION 
The model presented is an extension of the models developed by Verhagen and 
Nienhuis (1983) and Bach (1993). Verhagen and Nienhuis developed their model 
using data of the perennial Grevelingen population from 1976 (Nienhuis and De 
Bree, 1977, 1980). In comparison with the models of Verhagen and Nienhuis (1983) 
and Bach (1993), in our model nutrient dynamics are incorporated as well as 
generative recruitment and physical disturbance (which together make the model 
suitable for populations with different life-history strategies). Furthermore, the 
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Chapter six 
interaction between growth and light is added, while the complex age structure 
presented by Verhagen and Nienhuis (1983) is simplified. Without the interaction 
between growth and light, simulated values for growth of the Veerse Meer 
population were far too low. In summer, the Veerse Meer water can be very turbid 
(Van Lent and Verschuure (1994b). 
The model developed by Bach (1993) is critically unstable. Development of 
biomass in time appeared to depend on a particular extinction coefficient. Deviation 
from the value of this extinction coefficient meant either explosion or extinction of 
the biomass in time. In reality the extinction coefficient changes with time, while at 
a particular extinction coefficient the model would not be suitable for populations at 
different depths. 
As a consequence of the high complexity of the model, the number of parameters 
increased considerably compared with the models of Verhagen and Nienhuis (1983) 
and Bach (1993). This can lead to overparameterisation of the model, in which 
parameters show a high mutual correlation. The correlation analysis performed, 
showed some overparameterisation for the nutrient dynamics (Table IV). In general, 
however, the parameters used in the model did not show a high mutual correlation. 
A further indication for the sound quality of the model was given by the absense of 
correlations between the goodness of fit of the model and any parameter taken 
separately (Table IV). 
The worst fit of the model was given for below-ground properties, especially of 
the annual Veerse Meer population. For the below-ground biomass (Figs. 3f and 4f) 
the in situ data were quite erratic and did not show a clear seasonal sequence, while 
for the below-ground C:N ratio (Figs. 3h and 4h) relatively few measured data were 
available for comparison. The very high values measured for below-ground specific 
growth rate of the annual Veerse Meer population (Fig. 4b) are possibly unrealistic 
(Van Lent and Verschuure, 1994a). 
The sensitivity of the model to changes in parameter values varied for different 
characteristics (Fig. 5a-i). A high sensitivity was shown by below-ground biomass 
and shoot density (Fig. 5f,i). Processes involved in both characteristics seem to be 
described too simply, in spite of the relatively high complexity of the model. It is 
possible that the age structure used by Verhagen and Nienhuis (1983) gives more 
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stability for the density of shoots, although the separation they made between 
vegetative and generative shoots with respect to life-span, etc. is questionable. 
The description of the model for growth and nutrient uptake processes seems to be 
much more precise than the described mortality and to a lesser extent recruitment 
processes. The often too low maxima shown in the characteristics may be largely 
due to the incorrect estimation of mortality. For improvement of the model further 
knowledge on parameters involved in the mortality is essential. To be able to predict 
generative recruitment more accurately, it would also be very desirable to study the 
factors involved in the process from flowering to final germination. 
A particularly good fit was obtained for the calculated and measured C:N ratio of 
above-ground material. This C:N ratio was not very sensitive to changes in 
parameters. The nitrogen content of the tissue is the result of a two-stage process: 
use of nitrogen from an internal pool, and replenishment of the pool by uptake of 
external nitrogen. Presumably the parameters describing the latter process (i.e. V
m 
and K, for ammonium and nitrate) are less influential than the internal quota 
mechanism itself with parameters describing minimum and maximum nitrogen 
content. Therefore, it might be possible to describe the nutrient dynamics sufficiently 
well without explicitly considering ammonium and nitrate and their interaction, or 
even without subdividing above- and below-ground uptake. A reduction of the 
number of parameters would also alleviate an overparameterisation of the model. 
Above-ground nitrogen dynamics (uptake processes and tissue content) appear to 
be formulated well by the model, while the experimental data used seem to be quite 
accurate (Figs. 3g,h and 4g,h; Table Ila.b). However, for growth of the Grevelingen 
population the results indicate only a slight nitrogen limitation (Fig. 6a-i). The 
parameter NCA (nitrogen limitation coefficient for above-ground growth, Table 
Па,Ь) has a low value of 0.1, implying a strongly non-linear effect of nitrogen 
content on growth. Only when the nitrogen content of tissues approaches minimum 
values strong limitation occurs. A clear nitrogen limitation for growth was shown by 
experimental in situ data (Van Lent et al., in press). Since 1985 eelgrass populations 
in the Grevelingen are rapidly declining. The populations receive a surplus of energy 
as the water is relatively clear (Van Lent and Verschuure, 1994b), but apparently the 
populations are not able to use it. From 1985 onwards salinity in the Grevelingen 
has increased, while nutrient concentrations have been decreasing. According to the 
model results it is unlikely that nitrogen limitation is the major factor in the decline 
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shown. For a decided answer it appears that not enough information is available and 
further experimental (in situ) studies are necessary. 
Herman et al. (submitted) have strong indications that silicon limitation is 
responsible for the decline of Z.marina in the Grevelingen. Therefore silicon 
dynamics were added to the model, although neither experimental nor field data 
were available (except for some tissue content data). Consequently the model 
description for silicon dynamics is purely speculative. The model indicates that 
silicon limitation is more important for eelgrass growth in the Grevelingen then 
nitrogen limitation (Fig. 7a-i), which corroborate with the suggestion of Herman et 
al. (submitted). An earlier model description without silicon dynamics could not 
explain growth without the use of a density dependent limitation factor, which had to 
be adjusted for the Veerse Meer population. The adjustment could not be explained 
satisfactorily. In the most recent model description the density dependent limitation 
factor could be left out, which might be seen as a justification for the addition of the 
silicon dynamics. The described silicon uptake could not be verified due to the 
absence of both experimental and in situ data, which therefore are urgently needed. 
The higher maximum uptake rate of ammonium by roots that had to be used in the 
model for the Veerse Meer population (otherwise no growth could take place, Table 
lib) might be explained by a lower root biomass for the Veerse Meer population 
compared with the Grevelingen population. Below-ground (rhizome plus root) 
biomass for the Veerse Meer population is relatively low (Figs. 3f and 4f). A higher 
top level for the ammonium uptake rate by roots can be an adjustment to a relatively 
low root biomass in combination with a high demand for ammonium and relatively 
low ambient ammonium concentrations. The Veerse Meer population shows a 
relatively high above-ground specific growth rate and production, while maximum 
above-ground biomass is similar to the values of the Grevelingen population (Van 
Lent and Verschuure, 1994a,b). 
In principle the rhizome is not functional in the actual uptake of nutrients. To be 
able to improve the model, in future experimental as well as field research it is 
important to separate the below-ground biomass into root (nutrient uptake function) 
and rhizome (holdfast and storage function) biomass. 
The hypothesis that Z. marina populations in principle strive towards a perennial 
life-history (Van Lent and Verschuure, 1994a) is reinforced by the results of the 
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model simulation without physical disturbance for the semi-annual Veerse Meer 
population. Characteristics of a perennial population (i.e. relatively high below-
ground biomass, high vegetative production of new shoots) were shown (Fig. 8a-j). 
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SUMMARY 
Seagrasses are marine phanerogams, which compose highly productive systems and 
are important to the structure and functioning of coastal marine and estuarine 
ecosystems. The seagrass Zostera marina L. (eelgrass) has its distribution in the 
Northern Hemisphere. The geographical distribution and both annual and perennial 
life-history of Z.marina suggest that the species is well adapted to a wide range of 
environmental conditions. Nevertheless, from time to time populations disappear 
completely and sometimes do not recover. The so called "wasting disease" in the 
1930s caused a major decline of eelgrass in the North Atlantic region and reports on 
this phenomenon generated a large number of studies concerning this species. In 
order to understand changes (i.e. the wax and wane of Z.marina) a thorough 
knowledge of the population dynamics of the species and inducing environmental 
factors is vital. The ability of a population to maintain itself successfully depends 
strongly on the ability to allocate the available environmental resources to essential 
plant parts for growth and reproduction. In general, intraspecific variability of 
Z.marina concerning population dynamics (life-history strategies) and its relation 
with environmental factors and resource allocation is inadequately understood and, 
therefore, the main aim of the research presented in this thesis. 
In the delta area of the southwestern Netherlands several populations of Z.marina 
occur under varying environmental conditions. The area offers a unique opportunity 
to study the intraspecific variability of Z.marina and its relation with habitat 
characteristics. 
Chapter 2 of this thesis describes a study of two years on the population dynamics 
(life-history strategy) of four populations of Z.marina in different estuaries and 
lagoons of the delta area (Grevelingen, Veerse Meer and Zandkreek). Total annual 
above-ground production ranged between 160 and 412 g AFDW (ash-free dry 
weight) m"2 yr1, below-ground production varied from 53 to 132 g AFDW m"2 yr1. 
Flowering shoots had significantly higher above-ground growth rates compared with 
non-flowering shoots. Life-history strategies of the populations studied ranged from 
annual to perennial. One of the two annual populations was considered semi-annual, 
as occasionally vegetative shoots survived the winter. The (semi-)annual populations 
differed from the perennial populations by a relatively small below-ground biomass, 
high above-ground relative growth rate, high generative reproduction effort and seed 
production, later seasonal timing and a high variability from year to year. Regarding 
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biomass differentiation only, the (semi-)annual populations agree with the assumption 
that annuals optimize biomass growth by allocation to structures associated with seed 
production at the expense of vegetative (i.e. below-ground) material. Production data 
showed, however, that (semi-)annuals invested at least as much below-ground 
(between 22 and 30 percent of their total production) as perennials. The distinction 
between (semi-)annuals and perennials was made by the production of reproductive 
parts. The (semi-)annual populations apparently were not able to build up a 
relatively high below-ground biomass. Reduced conditions of the sediment, 
herbivory of birds, macroalgae and wind- and tidal-generated currents are mentioned 
as possible factors in the relatively low below-ground biomass of the (semi-)annual 
populations found throughout the year. Two of the four eelgrass populations studied 
showed intermediate characteristics of a true annual or perennial population. The 
study gives substantial data to support the theory that life-history strategies of 
Z.marina can range between two extremes (annual and perennial) along a continuum 
and are able to shift according to inducing environmental factors, within the limits 
set by their genetic background. It seems that only in habitats where a perennial 
strategy apparently cannot be maintained, Z.marina follows a (semi-)annual strategy. 
Hence the suggestion that Z.marina in principle acts as a perennial. The study 
revealed that further (experimental) research is needed on resource allocation at the 
individual plant level, below-ground production and the ability of the rhizosphere of 
flowering shoots to release oxygen. 
In chapter 3 the intraspecific variability of Z.marina in population dynamics 
mentioned in chapter 2 is related with environmental factors recorded in the habitats 
of the studied populations in the same period. Differences in turbidity (k, extinction 
coefficient) and average monthly bottom irradiance existed between habitats. At one 
site the average monthly bottom irradiance remained often below the light saturation 
point for photosynthesis of Z.marina and therefore at this site in the growing season 
eelgrass growth limitation by light may frequently occur. Relatively short-term 
fluctuations in light availability (through phytoplankton blooms, macroalgae and 
upwhirling of sediment by tidal- or wind-generated currents) were expected to occur 
at two habitats, for which an adjustment to lower light levels by Z.marina 
populations was indicated by their higher maxima of leaf chlorophyll content. 
Growth limitation by nitrogen was suggested for three populations, for phosphorus 
no shortage was shown. Among all environmental factors regarded, ambient nutrient 
concentrations were thought to account for the greater part for differences in growth 
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rates between the (semi-)annual and perennial populations studied. The different 
strategies however, seem primarily due to other features. Repeatedly high physical 
disturbance created by the combined effects of wind- and tidal-generated currents, 
macroalgae and herbivory pushes populations to a (semi-)annual strategy. The 
(semi-)annual strategies of populations seem to be favoured by the relatively low 
salinities (permanently or pulsed) in their habitats, inducing higher germination of 
seeds and a possible higher incidence of flowering. As there were no substantial 
differences in water temperature between non-tidal sites, temperature is not 
considered to be a relevant parameter in the intraspecific variability of the 
populations. 
In order to establish which population dynamical characters of the perennial and 
(semi-)annual populations mentioned above were likely to be based on genotypic 
differences, experimental germination and growth studies were performed. The 
results are presented in chapter 4. Individual populations displayed a genotypic 
background for germination, morphology and flowering, while above-ground relative 
growth rate was considered to be an entirely phenotypic response. Therefore, 
genotypic differentiation among populations may be of significance in the first stages 
of the generative recruitment proces. Perennial versus annual populations did not 
show indications for genetic variation in the response variables such as germination, 
flowering, morphology and relative growth rate. Comparisons with in situ data 
revealed that presumably the perennial populations in their habitats not fully 
exploited their potential for (above-ground) growth. Comparing leaf nitrogen content 
among populations at the end of the experiment and the amount of flowering shoots 
shown, flowering seemed to be related with a higher demand for nitrogen. For 
individual populations differences in morphology and (sexual) reproduction suggest a 
greater and more complicate genotypic background than previously assumed through 
interpretation of isozyme patterns. Research on the relative importance of genotypic 
differentiation in population dynamical characters of Z.marina and other seagrasses 
is recommended. 
Limitation for growth by light and nitrogen, respectively, was assumed for three 
different eelgrass populations in the field study described in chapter 3. In chapter 5 
this assumption has been experimentally verified by studying the combined effects of 
light and nitrogen availability on population dynamical characteristics (growth, 
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biomass, density, flowering) of a perennial and a semi-annual population in varying 
habitats (Grevelingen and Veerse Meer, respectively). Light reduction significantly 
reduced all population dynamical features measured in both populations. Under 
reduced light uptake of nitrogen occurred by plants of the semi-annual population, 
but the nutrient could not be used for growth. After enrichment with nitrogen, plants 
of neither population stored nitrogen; the nutrient was immediately used. As opposed 
to the semi-annual eelgrass population in the Veerse Meer, the perennial population 
in the Grevelingen showed a clear response to nitrogen enrichment: above-ground 
relative growth rate, biomass of stems and spathes, above-ground biomass and 
density of flowering shoots increased. In the growing season, the Grevelingen 
population is nitrogen-limited. Nitrogen limitation is considered a concomitant factor 
in the sharp decline of eelgrass distribution in the Grevelingen since 1985. A lower 
probability of recruitment through generative reproduction (flowering) of the 
perennial Grevelingen population caused by nitrogen limitation apparently does not 
become compensated for by a possible higher vegetative production of shoots. 
Further research on the individual plant level concerning resource allocation is 
recommended. The light enhancement experiments in the Veerse Meer did not give 
clear evidence for a light limitation of growth of the semi-annual eelgrass population 
at that site. 
All the data assembled on the population dynamics as well as the tissue and 
habitat characteristics of the populations studied (chapter 2 and 3) were used to 
develop a simulation model for growth and seasonal changes in biomass, density and 
C:N ratio of Z.marina populations. This model is presented in chapter 6. The model 
adds generative recruitment, nitrogen and silicon dynamics as well as physical 
disturbance to already existing mathematical models, while the description suits both 
perennial (Grevelingen) and (semi-)annual (Veerse Meer) populations. For the semi-
annual population one estimated parameter (maximum ammonium uptake rate by 
roots) had to be adjusted, however, which was attributed to the relatively low below-
ground biomass of this population. The model succeeds in simulating the measured 
population dynamical characteristics and is stable and of acceptable quality. Model 
calculations for below-ground features are the least accurate. Both nitrogen limitation 
(chapter 2 and 4) and silicon limitation for growth of the Grevelingen population are 
indicated by the model; however, according to the model nitrogen limitation is not a 
substantial factor in the decline of the Grevelingen populations. The general opinion 
that eelgrass populations in principle strive towards a perennial life-history (chapter 
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2) is supported. To be able to improve the model, further knowledge on factors 
involved in the (processes) of mortality, silicon dynamics (uptake rates, internal 
content), below-ground biomass (partition roots-rhizome) and generative recruitment 
is needed. 
The studies described in this thesis focussed on the complex intraspecific 
variability of Z. marina and the genotypic and phenotypic factors inducing differences 
in response variables such as relative growth rate, biomass, germination, flowering, 
morphology, mortality, internal nutrient content, etc. Some questions were answered 
(see above). Yet, quite a few gaps in knowledge became apparent, especially 
concerning below-ground processes, silicon dynamics, generative recruitment, 
mortality, resource allocation on the individual plant level and genotypic 
differentiation. In view of the decline of the Grevelingen populations and the 
relatively small distribution of Z.marina and other seagrasses in the coastal areas of 
the Netherlands, further (in particular experimental) research on the eelgrass 
populations is highly recommended and important for environmental management 
and conservation programs. That is, if we recognize seagrass systems to be an 
integrated part of our coastal ecosystem and therefore worthwhile to keep or restore! 
Further studies are beyond local interest, however, as worldwide seagrass 
ecosystems are threatened in their existence by, for instance, coastal engineering 
programs and enhanced tourist industry. 
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Zeegrassen (mariene hogere planten) hebben een hoge produktie en vormen een 
belangrijke component in veel kustecosystemen. Zostera marina L. (Groot Zeegras) 
heeft zijn verspreiding op het noordelijk halfrond en heeft zowel een eenjarige als 
overjarige strategie. De soort lijkt zich dus goed te hebben aangepast aan 
verschillende milieu-omstandigheden. Toch komt het voor dat populaties in hun 
geheel verdwijnen, terwijl herstel niet altijd plaatsvindt. De zgn. "wasting disease" 
in de dertiger jaren veroorzaakte een massale afname van het Groot Zeegras in het 
Noord-Atlantisch kustgebied. Dit bleek het startsein voor een groot aantal studies 
betreffende deze soort. Om een goed inzicht te verkrijgen in de veranderingen in de 
verspreiding van Z.marina, is een grondige kennis van de populatiedynamiek van de 
soort en de achterliggende, sturende, factoren noodzakelijk. Verder hangt het zich 
kunnen handhaven van een populatie sterk af van het vermogen de beschikbare 
energie en (voedings)stoffen dusdanig te investeren, dat een optimale groei en 
reproduktie kan worden bereikt. 
De in dit proefschrift gepresenteerde studies richten zich met name op de 
verschillen tussen populaties van het Groot Zeegras (intraspecifieke variabiliteit) wat 
betreft populatiedynamiek en de bepalende milieu- en/of genetische factoren. Ook de 
verdeling van beschikbare energie en (voedings)stoffen over de verschillende 
structuren van de plant en de voorwaarden voor die verdeling krijgen de nodige 
aandacht. De studies zijn uitgevoerd in het Deltagebied van zuidwest Nederland. 
Daar komen onder zeer verschillende omstandigheden diverse populaties voor van 
Z.marina. Het gebied is dus bij uitstek geschikt voor onderzoek naar de 
populatiedynamiek van het Groot Zeegras en de daaraan gerelateerde 
omgevingsfactoren. 
Hoofdstuk 2 van deze dissertatie beschrijft een veldstudie van twee jaar naar de 
dynamiek van vier populaties van Z.marina in verschillende delen van het 
Deltagebied (Grevelingen, Veerse Meer en Zandkreek). De totale jaarlijkse 
bovengrondse produktie varieerde tussen 160 en 412 g AVDG (asvrij drooggewicht) 
per m2 per jaar, terwijl de ondergrondse produktie varieerde tussen S3 en 132 g 
AVDG per m2 per jaar. Bloeiende planten hadden significant hogere bovengrondse 
groeisnelheden in vergelijking met niet-bloeiende planten. De strategie van de 
bestudeerde populaties liep uiteen van eenjarig tot overjarig. Een van de twee 
eenjarige populaties werd beschouwd als een semi-eenjarige, omdat af en toe 
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vegetatieve planten de winter overleefden. De (semi-)eenjarige populaties 
onderscheidden zich van de overjarige populaties door een relatief lage ondergrondse 
biomassa, hoge bovengrondse relatieve groeisnelheid, hoge generatieve reproduktie 
inspanning en zaadproduktie, latere seizoensplanning en grote verschillen van jaar tot 
jaar. Indien men alleen kijkt naar de verdeling van biomassa, dan voldoen de (semi-) 
eenjarige populaties aan de veronderstelling dat eenjarigen een optimale biomassa-
aanwas bereiken door te investeren in zaadproduktie ten koste van ondergronds 
materiaal. Produktiegegevens laten echter zien dat (semi-)eenjarigen ten minste 
evenveel ondergronds investeerden (tussen 22 and 30 procent van hun totale 
produktie) als overjarigen. Het onderscheid tussen (semi-)eenjarigen en overjarigen 
bestond uit de hoeveelheid geproduceerd weefsel nodig voor de generatieve 
voortplanting (stengels en bloeiwijzen). Ondanks de hoge ondergrondse produktie, 
waren de (semi-)eenjarigen blijkbaar niet in staat een relatief hoge ondergrondse 
biomassa op te bouwen. Gereduceerde sediment-condities, vraat door vogels 
(herbivorie), de aanwezigheid van macroalgen en stroming door wind en getij 
kunnen worden genoemd als mogelijke oorzaken van de relatief lage ondergrondse 
biomassa die door het gehele jaar heen werd gevonden voor de eenjarige populaties. 
Twee van de vier bestudeerde populaties vertoonden kenmerken die tussen die van 
een theoretisch zuivere eenjarige en een overjarige populatie in lagen. De studie 
levert resultaten die de theorie ondersteunen dat de strategie van Groot Zeegras kan 
variëren tussen twee extremen (eenjarig versus overjarig) en een plaats kan bezetten 
tussen deze twee extremen, afhankelijk van de sturende milieufactoren, binnen de 
grenzen van hun genetische achtergrond. Het lijkt dat Z. manna alleen een eenjarige 
strategie volgt daar waar een overjarige strategie niet kan worden gehandhaafd. 
Vandaar de suggestie dat Z.marina in principe naar een overjarige strategie streeft. 
In hoofdstuk 3 worden de verschillen tussen de populaties wat betreft 
populatiedynamiek (zoals beschreven in hoofdstuk 2) in verband gebracht met de 
milieufactoren die in de habitats van de bestudeerde populaties gedurende dezelfde 
periode werden gemeten. Tussen de habitats bestonden verschillen in troebelheid van 
het oppervlaktewater (vertegenwoordigd door k, de extinctiecoëfficient) en de 
gemiddelde maandelijkse lichtintensiteit op de bodem. Op één lokatie bleef de 
gemiddelde maandelijkse lichtintensiteit op de bodem vaak beneden het licht 
verzadigings niveau voor fotosythese van Z.marina en daarom werd verondersteld 
dat op deze plaats limitatie van groei door licht in het groeiseizoen regelmatig 
voorkomt. Aangenomen werd dat fluctuaties op relatief korte termijn in de 
206 
Samenvatting 
beschikbare hoeveelheid licht (veroorzaakt door fytoplankton bloei, ontwikkeling van 
macroalgen en/of de opwerveling van sediment) optrad in twee habitats. De 
populaties van deze habitats vertoonden relatief hoge maxima in hun concentraties 
bladchlorofyl. Dit kan een aanpassing zijn aan slechtere lichtcondities. Op grond van 
de interne stikstofinhoud en relatief lage stikstofconcentraties in zowel oppervlakte 
water als interstitieel water, werd mogelijk de groei van drie van de vier bestudeerde 
populaties tijdens het groeiseizoen gelimiteerd door stikstof. Voor fosfor bestonden 
geen indicaties voor een eventuele groeilimitatie. De verschillen in groeisnelheden 
tussen de (semi-)eenjarige en de overjarige populaties werden hoofdzakelijk 
toegedacht aan verschillen in concentraties van de in de habitats beschikbare 
voedingsstoffen. De verschillen in strategie leken primair te wijten aan andere 
factoren. Frequent voorkomende fysische verstoring, veroorzaakt door stroming door 
wind en getij, grote hoeveelheden macroalgen en/of begrazing dwingt populaties tot 
het volgen van een (semi-)eenjarige strategie. De relatief lage saliniteiten die 
voorkomen (permanent dan wel af en toe) in de habitats van de (semi-)eenjarige 
populaties lijken een voordeel te zijn voor deze strategie. Kieming van de zaden van 
Z. marina wordt gestimuleerd door een lage saliniteit, terwijl de bloei daardoor 
mogelijk positief wordt beïnvloed. Temperatuur werd niet van belang geacht voor de 
verschillen in dynamiek tussen de populaties, aangezien tussen de habitats geen 
duidelijke verschillen optraden in watertemperatuur. 
Om te kunnen bepalen of de vertoonde verschillen in sommige kenmerken van de 
overjarige en (semi-)eenjarige populaties eventueel gebaseerd konden zijn op 
genetische verschillen, werden experimentele kiemings- en groeistudies uitgevoerd. 
De resultaten worden gepresenteerd in hoofdstuk 4. Individuele populaties 
vertoonden een genetische achtergrond voor kieming, morfologie en bloei, terwijl de 
bovengronds groeisnelheid volledig door milieufactoren scheen te worden bepaald. 
Vooral in de eerste stadia van de generatieve voortplanting kunnen genetische 
verschillen een belangrijke rol spelen. Tussen overjarige populaties enerzijds en 
eenjarige populaties anderzijds, kon genetische variatie in kieming, bloei, morfologie 
en relatieve groeisnelheid niet worden aangetoond. In vergelijkingen tussen de 
experimentele resultaten en de veldgegevens leken de overjarige populaties hun 
potentieel voor (bovengrondse) groei in het veld niet volledig te benutten. De 
stikstofconcentraties in het blad aan het eind van het experiment en de hoeveelheid 
bloeiende planten gedurende het experiment, wezen op een eventuele relatie tussen 
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een hoog aantal bloeiende planten en een grote vraag naar stikstof. Voor individuele 
populaties suggereren de verschillen in morfologie en generatieve reproduktie een 
grotere en meer gecompliceerde genetische achtergrond dan eerder werd 
aangenomen op grond van studies die gebruik maakten van gel-electroforese 
technieken en interpretatie van isoenzym patronen. 
In de veldstudie die is beschreven in hoofdstuk 3 werd voor drie verschillende 
populaties van Z.marina limitane van de groei door licht of stikstof verondersteld. 
De juistheid van deze veronderstelling is onderzocht in een experimentele veldstudie, 
welke wordt weergegeven in hoofdstuk 5. Het effect van verschillende hoeveelheden 
licht en voedingsstoffen op populatiedynamische kenmerken als groeisnelheid, 
biomassa, dichtheid en bloei werd bestudeerd bij zowel een eenjarige als een 
overjarige populatie, voorkomende in onderling verschillende habitats 
(respectievelijk Veerse Meer en Grevelingen). In beide populaties had lichtreductie 
een significant negatief effect op alle populatiedynamische kenmerken die werden 
gemeten. Planten van de eenjarige populatie namen bij lichtreductie wel stikstof op, 
maar blijkbaar ontbrak de energie (licht) om deze te gebruiken voor groei. In 
tegenstelling tot de eenjarige populatie vertoonde de overjarige populatie een 
duidelijke positieve reactie op stikstofverrijking: bovengrondse relatieve 
groeisnelheid, biomassa van stengels en bloeiwijzen, bovengrondse biomassa en 
dichtheid van bloeiende planten nam toe. In het groeiseizoen wordt de overjarige 
populatie in zijn groei door stikstof gelimiteerd. In de Grevelingen gaan de 
populaties van Z.marina sinds ongeveer 1985 langzaam achteruit. Het stikstoftekort 
wordt als een bijkomende factor beschouwd in de verdwijning van het Groot 
Zeegras. De overjarige populatie werd door het stikstoftekort blijkbaar niet 
gestimuleerd om de investering van (voedings)stoffen in de verschillende delen van 
de plant aan te passen. Een lagere verwachting voor het aantal bloeiende planten (en 
daarmee aan nieuwe zaailingen), werd niet gevolgd door een hogere investering in 
ondergronds materiaal (dat eventueel zou kunnen leiden tot een verhoging van het 
aantal nieuwe planten door vegetatieve vermeerdering, d.w.z. planten voortkomende 
uit wortelstokken). De experimenten voor de eenjarige populatie waarbij een aantal 
planten meer licht kregen, gaven geen eenduidig bewijs voor een lichtgelimiteerde 
groei. 
De gegevens die in de studies uit hoofdstuk 2 en 3 werden verzameld, zijn 
gebruikt om een simulatiemodel te ontwikkelen voor de groei en de 
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seizoensveranderingen in biomassa, dichtheid en koolstof-stikstof verhouding van 
Z.marina populaties. Het model wordt beschreven in hoofdstuk 6. Het model voegt 
aan reeds bestaande modellen een aantal tot nu toe belangrijke ontbrekende 
processen toe: generatieve reproduktie, stikstof en silicium processen, en fysische 
verstoring. Tevens is het model geldig voor zowel overjarige (Grevelingen) als 
eenjarige (Veerse Meer) populaties. Voor de eenjarige populatie moest één 
schattingsfactor (maximale ammonium opnamesnelheid van de wortels) worden 
aangepast. De noodzaak van deze aanpassing werd toegeschreven aan de relatief lage 
ondergrondse biomassa van de eenjarige populatie. Het model is in staat de gemeten 
populatiedynamische kenmerken te simuleren en is stabiel. Het minst nauwkeurig 
zijn de modelberekeningen voor ondergrondse kenmerken. Limitatie van groei door 
zowel stikstof- (zie hoofdstukken 2 en 4) als silicium wordt door het model 
aangegeven. Het model geeft echter niet aan dat stikstoftekort een belangrijke factor 
is in de achteruitgang van de Z.marina populaties in de Grevelingen. De theorie dat 
populaties van Z.marina in principe streven naar een overjarige strategie (hoofdstuk 
2) wordt wel door het model ondersteund. 
De studies die in deze dissertatie worden beschreven, richten zich op de complexe 
intraspecifieke variabiliteit van Z.marina en de genetische eigenschappen en 
milieufactoren die bepalend zijn voor verschillen in populatiedynamische kenmerken, 
zoals relatieve groeisnelheid, biomassa, kieming, bloei, morfologie, mortaliteit, 
interne nutriëntenconcentraties, etc. Sommige vragen zijn beantwoord (zie eerder), 
terwijl nieuwe vragen uit de studies zijn voortgekomen. Met name met betrekking 
tot ondergronds materiaal (produktie, verhouding tussen wortelstokken en wortels), 
silicium processen (opnamesnelheden, inteme concentraties), generatieve reproduktie 
(sturende factoren), omvang mortaliteit, investering van beschikbare 
(voedings)stoffen in verschillende delen van de (individuele) plant en genetische 
invloed (relatief ten opzichte van invloed door milieufactoren) op 
populatiedynamische kenmerken. Gezien de achteruitgang van de Z.marina 
populaties in de Grevelingen en de huidige, relatief kleine, verspreiding van het 
Groot Zeegras en andere zeegrassen in het Nederlands kustgebied, is verder 
(experimenteel) onderzoek van groot belang en onmisbaar voor een verantwoord 
beheer van onze zeegraspopulaties. Ten minste, als erkend wordt dat 
zeegrasgemeenschappen inherent zijn aan het Nederlands kustecosysteem en daarom 
van belang zijn om te behouden en eventueel te herstellen. Verdere studies aan 
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zeegrassen moeten echter een grotere reikwijdte hebben dan alleen het Nederlands 
kustgebied. Wereldwijd worden zeegrassystemen bedreigd door bijv. 
infrastructuurprojecten en een toenemende toeristenindustrie. 
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Antarctica), een onderzoeksbasis van de British Antarctic Survey. Na afloop van het 
Antarctica project heeft zij haar proefschrift voltooid. In september 1994 heeft zij de 
functie van projectmanager aanvaard bij het Nationaal Centrum voor Wetenschap en 
Technologie ("IMPULS") te Amsterdam. 
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Aantekeningen 

Aantekeningen 

Stellingen 
behorende bij bet proefschrift "Intraspecific variability of Zostera marina L. in the southwestern 
Netherlands". Frances van Lent, Nijmegen, 8 februari 1995. 
1. Het is onjuist te stellen dat Zostera marina L. (Groot Zeegras) als soort uitsluitend 
een meerjarige dan wel een éénjarige overlevingsstrategie volgt. 
- Jacobs (1982; In: Studies on Aquatic Vascular Plants, Royal Bot. Soc. of Belgium, Brussels, 
pp. 150-155) 
- Dit proefschrift 
2. Studies aan populaties van Groot Zeegras kunnen niet worden uitgevoerd zonder 
eventuele genetische verschillen in beschouwing te nemen. 
- Dit proefschrift 
3. Stikstoflimitatie van groei en bloei kan een grotere rol spelen in de verspreidings-
dynamiek van Groot Zeegras dan eerder verondersteld. 
- Dennison et al. (1987; Mar. Biol., 94: 469-477), Zimmerman et al. (1987; Mar. Ecol. Prog. 
Ser., 41: 167-176) 
- Dit proefschrift 
4. De uitdrukking "wasting disease" zou vervangen moeten worden door "wasting 
phenomenon". 
5. Het begrip "beschermd natuurgebied" geeft niet aan wat nu eigenlijk beschermd 
wordt en zou daarom vermeden moeten worden. 
6. Zowel landen als wetenschappers moeten hun exclusieve claims op Antarctica 
laten vervallen. 
7. Voor het röntgenologisch nakomelingen-onderzoek van KWPN-hengsten is een 
verkeerde proefopzet gekozen om de erfelijkheid van bepaalde beengebreken bij 
paarden vast te kunnen stellen. 
- "In de Strengen" (nr. 10 en nr. 24.1994) 
- "De Hoefslag" (nr. 48,1994) 
8. Sportpaarden worden niet gefokt, maar ontwikkeld. 
9. Afdelingen of groepen van "De Koninklijke Maatschappij voor Diergeneeskunde" 
dan wel de faculteit "Diergeneeskunde" zouden zelf het voortouw moeten nemen 
inzake publieksvoorlichting over huisdieren via de media. 
10. Een volk dat de doodstraf handhaaft heeft de eerste stap op weg naar een 
"beschaafde" samenleving nog steeds niet genomen. 



